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Errata 
• Page 1, line 13, " ... and was superseeded by ... " should read " ... and was 
superseded by ... " 
• Page 4, line 7, " ... 7.65 MeV due it's difficulty of formation ... " should read 
" ... 7.65 MeV due to its difficulty of formation ... " 
• Page 10, table 1.1, entries for "56Ni" should read "28Si+28Si" and "24Mg+32S" 
• Page 47, paragraph 2, line 12, "... a value of 6.3 Me v-1 ... " should read 
" ... a value of 6.2 MeV-1 ... " 
• Page 70, equation 2.33 should read ＢＨｖｲ･ｴｾ＠ Vret) 2 ｾ＠ ( (Vt- ｖＲＩｾ＠ Vi) 2 + ( (V2-
ｖｴＩｾ＠ 112) 2" 
• Page 119, section 4.1.7, paragraph 3, line 4, " ... and was by typically rv200 
keY ... " should read " ... and was typically rv200 keY ... " 
• Page 147, section 5.2.1, paragraph 2, line 2, " ... rv33 MeV in the PSSSD's." 
should read " ... rv33 MeV in the PSSSDs." 
• Page 173, paragraph 2, line 6, "... four body final states ... " should read 
" ... four-body final states ... " 
• Page 190, line 1, " ... for Q999 from the ... " should read " ... for Q999 events 
from the ... " 
• Page 220, figure 6.32 caption, " ... for the 7LI(24Mg,12C 12C)7Li reaction ... ｾＧ＠
should read " ... for the 7Li(24Mg,12C 12C) 7Li reaction ... " 
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Synopsis 
The 12C+16 0 breakup of 28Si and the 12C+12C breakup of 24Mg have been studied 
following the interaction of a 170 NleV 24Nlg beam with 7Li, 9Be, 12 C and 16 0 
target nuclei. The measurements were performed at the Australian National 
University in Canberra, using the technique of Resonant Particle Spectroscopy. 
The breakup fragments from the decay of the resonant nuclei were detected in 
two Gas-Si-Csl telescopes positioned on opposite sides of the beam axis. 
The data suggest that the same states in 28Si are populated via the 7Li(24Mg, 
12C 160)3H, 9Be(24Mg/2C 160) 5He and 12C(24Mg,12C 160) 8Be reactions. This im-
plies that the cluster decaying states are populated by direct a-transfer. Breakup 
has been observed from states in 28Si at excitation energies (spins) of (26.15), 
28.17 (13-), 29.51, 29.95, 30.45, 30.76, (31.3), 31.65, 31.90, 32.51, 33.14, 33.41, 
33.77, 34.45 (12+,14+) and 35.13 NleV. A consistent theoretical interpretation of 
the 28Si molecular structures has been given, taking into account the predictions 
of Nilsson-Strutinsky, a-cluster model and two centre shell model calculations. 
The present results for the 12C(24Mg/2C 12C) 12C reaction agree with previous 
measurements. In addition, new spin assignments have been proposed for several 
of the breakup states in 24Mg. States have been observed at excitation ener-
gies (spins) of 20.54 (2+), 21.07 (4+), 21.88 (4+), 22.33 (4+), 22.90 (6+), 23.80 
(6+,(8+)), 24.56 (8+), 25.14 (6+), 25.72, 26.41 (8+) and 27.12 MeV. Evidence 
for the population of many of these states via the 160(24Mg,12C 12C) 160 reac-
tion has also been observed. However, the data gave no evidence for either the 
7Li(24Mg,l2C 12C)1Li or 9Be(24 Mg,l2C 12C)9Be reactions. The presently avail-
able information did not allow an unambiguous determination of the reaction 
mechanism responsible for the population of the 24Mg breakup states. 
The performance of the Gas-Si-Csi telescopes has been investigated. For 
multiplicity 2 events in the silicon strip detectors, a crosstalk has been observed 
between the two active strips. The energy calibration of the silicon strip detectors 
for penetrating particles has also been found to differ to that for stopped particles. 
Empirical corrections for both of these effects have been deduced allowing the 
simultaneous detection and identification of heavy and light ions within a single 
telescope. These techniques have been extended to the detection of 8Be--+ a+a 
events over a wide range of a-particle energies. 
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Chapter 1 
Introduction 
1.1 Clustering in Light Nuclei 
The structure of the atomic nucleus and its properties has intrigued scientists for 
most of the twentieth century. Nuclear physics as a science began in 1911 when 
Rutherford [188] showed that in order to account for the observed backward scat-
tering of a-particles incident on a metal plate [102], the target atom was required 
to possess a central charge distributed through a very small volume. At that 
time, the spontaneous emission of a-particles, which Rutherford had shown to 
be charged helium atoms [187], had already been observed to occur from certain 
materials. This observation raised the question of the pre-existence of a-particles 
within the nucleus prior to decay [188]. Gamow [100] took this idea to the ex-
treme and in 1930 proposed a simple model of the nucleus as conglomerates of 
a-particles forming the building blocks of nuclear matter. However, with Chad-
wick's discovery of the neutron [34] two years later, Gamow's a-particle model 
lost popularity and was ｳｵｰ･ｲｳｾ･､･､＠ by the independent-particle model [17, 75] 
which treated the nuclear particles as moving independently in an average field 
generated by all the other particles. Experimental evidence suggested a universal 
form of interaction between all nuclear particles [26] and the concept of isospin 
was introduced [226] allowing protons and neutrons to be treated as two states 
of the same particle, the nucleon. A general theory of nuclear constitution was 
developed [20] allowing for both collective and single-particle degrees of freedom. 
Collective properties of nuclear motion involving vibrational and rotational de-
grees of freedom were described by the Liquid Drop Model [19] in which the 
nucleus was treated as a whole, in analogy with a non-viscous fluid. Conversely, 
the discontinuities in the binding energies observed for nuclei containing certain 
magic numbers of protons and/or neutrons later found a natural explanation [112] 
in terms of the nuclear shell model (in which nucleons progressively fill up shells 
in the nuclear potential, in analogy with the filling of electron shells in atomic 
physics [182]). 
1 
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Numerical calculations based on the independent-particle model tended to 
follow the Hartree method [109] which had found success in atomic physics. How-
ever, difficulties were encountered in applying such atomic theories to the nuclear 
problem. These difficulties were largely due to the nature of the nuclear interac-
tion which, unlike the electromagnetic interaction, is short range, i.e. saturates 
[17], such that nucleons interact strongly only with neighbouring nucleons and 
not with the entire nucleus. This saturation property makes correlations between 
nuclear particles particularly important and in general necessitates a correction 
to the mean field hypothesis of the simplified independent-particle model. 
The difficulties encountered in the many-body problem led to the re-introdu-
ction of the a-particle or a-cluster model independently by both Wheeler [224) 
and Wefelmeier [223] in 1937. In these models, the correlations between nucleons 
were treated explicitly by considering the constituent particles as being divided 
into various groupings or clusters. The most important correlations were taken 
to be those between two protons and two neutrons which are allowed by the 
Pauli principle to have identical spatial wave functions (a reasonable assump-
tion for light nuclei where the Coulomb interaction is negligible) and may thus 
tend to the formation of temporary a-clusters. These rejuvenated cluster mod-
els, while applying ideas from molecular physics to the nuclear problem, differed 
from Gamow's early model by allowing for the interchange of nucleons between 
clusters to provide the bonds holding the groups together. The physical picture 
described by such models was thus far removed from the original picture regarding 
a-particles as having any real existence within the nucleus. 
The a-particle model was particularly suited to the description of nuclei which 
could be described as consisting entirely of a-particles, e.g. 12C and 160 where the 
particularly high binding energy per particle [17] observed for these nuclei, com-
pared to neighbouring nuclei, found a natural explanation. Hafstad and Teller 
[107] extended the model to light nuclei which could be described as groups of 
a-particles with either a single extra nucleon or a single nucleon missing from the 
complete a-particle structure. Binding energies and low-lying excited states pre-
dicted by the a-cluster model for many light nuclei [107, 224], though not particu-
larly good compared to experimental values, were comparable with the results of 
contemporary calculations based on the independent-particle or Hartree method 
(75]. However, the fewer degrees of freedom involved in the cluster model approach 
offered a simpler and more transparent description of the physical problem. Nei-
ther the independent-particle model nor the a-particle model could however offer 
a satisfactory overall description of nuclear structure and the true picture was 
expected to lie somewhere between the two extremes [17]. It was thus reasonable 
to expect that, in general, the structural properties of different nuclear states may 
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Figure 1.1: The Ikeda diagram [116] illustrating the cluster structures predicted to 
appear near the threshold energy for decay into the relevant cluster components. 
The threshold energies are given in MeV. 
favour a simpler description in terms of either one or other of the two approaches. 
In 1956, Morinaga [155] considered the extreme case of the a-particle model 
and postulated the existence of states in a-conjugate or A = 4N1 nuclei with 
a structure resembling N a-particles arranged in a row or chain. Ikeda et al 
[116] later generalised on this idea in an attempt to systematise the occurrence of 
clustering in light A= 4N nuclei. It was proposed that if, starting from a close-
packed homogeneous ground state structure, the nuclear system is allowed to 
expand, then correlations between particles may tend to form a-particles outside 
a core formed from the remaining nucleons. Since the core nucleus is then also 
a 4N nucleus, such structural changes could continue until all a-particles have 
been released from the system. It was hypothesised that cluster-like structures 
would appear at excitation energies near the threshold energy for decay into the 
relevant cluster components. The Ikeda diagram is illustrated in figure 1.1 in 
which the energy difference at each step in the vertical direction is taken to be 
the separation energy of an a-particle from the corresponding A= 4N nucleus. 
In the statistical model of nuclear decay [111], any energetically possible de-
cay mode may occur. However, nuclear states with a strong cluster character, 
and above threshold, are expected to show a high probability or reduced width for 
decay into the respective cluster components [116}, exceeding that expected for 
purely statistical decay from the compound nucleus (95]. Cluster states are sim-
1 In this notation, A is the mass number, i.e. total number of nucleons, and N is the number 
of a-clusters each containing two protons and two neutrons. 
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ilarly expected to be preferentially populated in certain nuclear reactions [6, 90], 
e.g. a-transfer. Based on such considerations, experiinental candidates have been 
proposed for several of the structures predicted by Ikeda's hypothesis. The 8Be 
nucleus is unstable against decay into two a-particles and has favoured a descrip-
tion in analogy with a symmetric diatomic molecule [225). The 3-a linear chain 
configuration of 12C was originally assigned by ivlorinaga [155] to the at state at 
7.65 ivieV due it's difficulty of formation in nuclear reactions and large width [211} 
for decay into a+8Be. The 12C ground state is associated with a cluster configu-
ration corresponding to three a-particles situated at the vertices of an equilateral 
triangle [27). The 160 ground state is similarly described by four a-particles ar-
ranged in a tetrahedral configuration [27]. Rotational bands (section 1.2) in 160 
built on the 6.05 (Ot) and 9.60 MeV (12) states have been associated with a 
co-planar 12C+a structure [113, 189] while evidence for the 4-a chain structure 
has also been observed [38, 87]. In 20Ne, bands built on the states at 8.6 (Ot) 
and 5.78 MeV (11) have been associated with an 160-a structure [113, 189]. The 
12C-a-a structure has similarly been assigned to the band built on the ot state 
at 12.45 MeV whose members decay preferentially either by a-decay to members 
of the 12C-a band in 160 or into the 12C+8Be decay channel [101, 113). 
In heavier nuclei, a variety of structures is predicted, many of which, e.g. the 6-
a [36] and 7 -a [200] chain configurations, have yet to be observed experimentally. 
Since three or more a-particles simultaneously in contact with each other may 
tend to become 12C98 or other 4N nuclei, Ikeda's hypothesis also predicts the 
occurrence of larger scale clustering in these heavier nuclei. It is the study of 
such large scale clustering that forms the main body of work presented in this 
· thesis, in particular the 12C-160 and 12C-12C cluster structures predicted to exist 
in 28 Si and 24 Mg, as illustrated in figure 1.1. The following sections review the 
experimental evidence for these cluster structures and discuss the motivation 
behind the present work. 
1.2 Resonant Heavy Ion Reactions 
The most prominent examples of large scale clustering in atomic nuclei are the 
so-called nuclear molecular configurations first observed in 1960 by Almqvist, 
Bromley and Kuehner [2, 30]. Processes in which two nuclei collide for a short 
time typically exhibit a smooth energy variation of the collision cross section. 
However, the energy dependence of the reaction yield from 12C on carbon inter-
actions [2] revealed sharp isolated resonances at energies just below the classical 
Coulomb barrier (Ecm ｾ＠ 6.6 MeV). The excitation curves for yields of protons, 
a-particles, neutrons and [-radiation are shown in figure 1.2 in which sharp reso-
nances are seen in all curves at centre-of-mass energies 5.68, 6.00 and 6.32 MeV. 
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Figure 1.2: Excitation curves for 12C on carbon reactions as observed by Almqvist 
et al [2]. Sharp isolated resonances are observed at identical incident energies 
below the Coulomb barrier (indicated by the vertical arrow) for yields of protons, 
/-radiation, a-particles and neutrons. 
Similar resonance structure was also observed in 12C+12C elastic scattering at 
energies above the Coulomb barrier [30]. The observed width of the resonances 
rv100 keV was equal to the energy loss in the 40 J.Lg cm-2 carbon targets used [2], 
suggesting the true widths to be even narrower. Such narrow widths correspond 
to lifetimes 2 of the order rv 1 o-20s, significantly longer than typical collision times 
of rv 10-22s for energetic heavy ions. The observation of resonances at identical 
incident energies for all reaction products ruled out their origin as statistical fluc-
tuations [74] suggesting that relatively long-lived isolated states in the 12C+12C 
system were involved. The widths and spacing of the resonant states could not be 
attributed to the normal 24Mg compound nucleus since at this excitation energy 
of rv20 Me V3 the spacing of the compound levels is at least an order of magnitude 
smaller [219] than the ""300 ke V separation of the resonances. The resonances 
were thus associated with a secondary minimum in the 12C+12C interaction po-
tential at large separations, shown schematically in figure 1.2. 
2The life-times r involved in the resonant collisions of the two nuclei are related to the width 
r of the observed resonances via the uncertainty relation r = 1ijr. 
3The compound nucleus excitation energy Ex is related to the centre-of-mass energy Ecm of 
the resonance by the relation Ex = Ecm + Qth where Qth is the threshold energy for decay of 
the compound nucleus into the cluster components. Qth = 13.933 MeV for 24Mg --t 12C+12C. 
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An area analysis [219] of the prominent peaks in the excitation function yielded 
partial widths for formation of compound states by 12C of the same magnitude 
as the observed widths ( rv 150 ke V). This led to a description of the resonances 
as molecular states in which both 12C nuclei retained their identities for appre-
ciable periods while in relative motion over large distances. At energies above 
the Coulomb barrier the excitation curves showed similar though not identical 
structure at different angles suggesting interference phenomena to be responsible 
for these fluctuations. It is well known that at high excitation energies in the 
compound nucleus, interference between the many overlapping levels in the con-
tinuum may result in rapid fluctuations in the energy dependence of the reaction 
cross section. Consequently, the presence of these statistical Ericson fluctuations 
[74] makes the identification of true resonances difficult. However, true resonances 
are in general expected to appear at identical centre-of-mass energies in a variety 
of exit channels (as in figure 1.2) and in data taken at different angles. Conversely, 
compound nuclear fluctuations will generally be uncorrelated between different 
channels and will be damped in angle integrated cross sections [7 4]. 
Further experiments on the 12C+12 C system found the resonances to extend 
to energies above the Coulomb barrier [50, 51, 79] and to lower energies below 
the barrier [151, 171]. At energies near and below the barrier narrow isolated 
resonances were observed [3, 131] while at higher energies the resonances were 
observed as narrow structures r rv 100 keV superposed on a gross structure 
spanning several MeV [51, 72] . Again, the large 12 C widths [50, 51, 131] of the 
resonances and the correlation among exit channels [2, 51] led to their interpreta-
tion as an entrance channel effect and a description in terms of molecular states. 
These states would then terminate either by re-emission of 12C or by collapse 
into the compound nucleus followed by statistical particle decay [3] resulting in 
correlated enhancements in various reaction channels. Resonances were also ob-
served in the 160+8Be exit channel at energies near [222] and above [79, 121] 
the Coulomb barrier. The 160 partial widths extracted from the data [222] were 
comparable to the 12C widths suggesting the 160-8Be configuration to play an 
important ｲｯｬｾ＠ for the barrier resonances. At much higher energies above the 
barrier, strong resonances were observed in inelastic scattering [48, 130] which 
were correlated with structures observed in other exit channels [51]. However, 
the selective decays of many of the resonances [50, 51] raised the possibly that 
different molecular configurations were being probed via the 12C+12C interaction. 
Analysis of the angular distributions of the emitted particles, particularly a-
particles from the 12C(12C,a)20 Ne98 reaction [71, 220], allowed the spins of many 
of the resonances to be determined. For spinless particles in the entrance and 
exit channels, the angular distribution may be expressed as (79, 121], 
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a(e, E) =I L At(E) exp(i8t(E))Pz(cos 8) 12 (1.1) 
l=O 
where Pt(cos B) are Legendre polynomials, 8t(E) the phase of the l-th partial 
wave and L the maximum contributing partial wave. The symmetric nature 
of the 12C+12C entrance channel restricts the values of l in the summation to 
even values. If at a particular energy E, the compound system passes through 
a resonant state with definite spin and parity J1r = L + (a necessary condition 
though not a proof of a resonance), then the corresponding co-efficient AL (E) 
will pass through a maximum value. If this L-value dominates the cross section 
then the angular distribution will take the form, a( B, E) ex I PL (cos B) 12 , allowing 
the spin of the resonant state to be determined by comparison of the periodicity 
in the experimental angular distribution with the appropriate squared Legendre 
polynomial in cos B. In some cases however, interference with the underlying non-
resonant continuum or with overlapping resonances results in contributions from 
other non-resonant partial waves. In such cases, the angular distributions may 
be fitted by the unique Legendre expression [42, 121], 
L 
o-(8, ｅＩ］ｾ＠ B2t(E)P2t(cos8) (1.2) 
l=O 
which will give a good fit for L = J where J is the spin of the resonant state. 
Increasing the value of Lin the summation (equation 1.2) above J will then not 
significantly improve the fit to the experimental distribution. Furthermore, the 
total cross section for the channel under study is then given by aT (E) == 47r Eo (E) 
allowing the excitation function to be evaluated from the angular distributions 
[121] of the emitted particles. 
Resonances may readily be identified in excitation functions summed over 
many reaction channels where contributions from statistical fluctuations in indi-
vidual channels will be damped. This approach was adopted by Erb et al (72] 
in a high resolution measurement of the total 12C+12C reaction cross section at 
energies near and above the Coulomb barrier. The 1-ray yields from the decays 
of the first excited states in 23Na, 23Mg and 20 Ne were measured corresponding 
to neutron, proton and a-particle reaction channels respectively. These nuclei 
were previously found to be the principal reaction products of 12C+12C reactions 
at these energies [151, 171] and since a major fraction of the de-excitation must 
cascade through the first excited states, the summed 1-ray yields closely approxi-
mate the total reaction cross section enabling genuine resonances to be identified. 
The excitation function obtained is shown in figure 1.3 in which several narrow 
resonances with widths of r ｾ＠ 100 keV are seen at the energies indicated. At 
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Figure 1.3: Excitation function for the 12C+12C total reaction cross section as 
measured by Erb et al [72]. The energies of the observed resonances are indicated. 
energies above the Coulomb barrier ( Ecm > 7 MeV), the narrow resonances are 
superposed on the gross structure. Spins were assigned to these resonances from 
a comparison with earlier measurements [220] of the 12C+12C interaction which 
had found the spins in this energy region (Ex(24Mg) = 19.6- 24 MeV) to range 
from 2+ to 8+. Lower limits on the carbon partial widths extracted from the data 
[72] were generally much larger than statistical estimates again demonstrating the 
greatly enhanced 12C+12C parentage of the resonances. 
Cindro [42, 43] has compiled all available data on resonances observed in the 
12C+12C interaction prior to 1988. The energy-spin systematics of the 12C+12C 
resonances for which firm spin assignments have been made are shown in fig-
ure 1.4. In cases where the same resonances have been observed in various ex-
periments, those differing by rv50 keV or less in the centre-of-mass have been 
attributed to the same resonance. The resonant states are seen to lie in a narrow 
region spread around a straight line in the energy vs J ( J + 1) plane suggestive 
of a collective rotational band, a trend first noted by Cosman et al [50]. The 
sequence of states forming a rotational band is given by the rigid rotor relation, 
(1.3) 
where J is the spin of the resonant state and Eo is the band head energy, i.e. 
energy required to form the excited configuration from the ground state of the 
composite system. The rotational parameter is defined by 1i2 /2I (i.e. gradient 
of the data in the energy vs J ( J + 1) plane) and is thus directly related to the 
moment of inertia I of the rotating system. The observation of a rotational 
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Figure 1.4: Energy-spin systematics of resonances observed in the 12C+12C sys-
tem for which firm spin assignments have been made, as collated by Cindro 
[42, 43]. 
band was in accord with a description of the resonances in terms of the orbit-
ing of the two interacting nuclei forming a molecular-type configuration. The 
appearance of several resonances with the same spin J has been attributed by 
several authors [40, 43, 73] to vibrational excitations superposed on the rotational 
structure. Erb and Bromley [73] demonstrated the remarkable regularity of the 
12C+12C resonance spectrum using a vibrational-rotational model approximation 
for a diatomic molecule. A value of li2 /2I = 76 ke V was deduced for the ro-
tational parameter, in close agreement with the value of 70 ke V calculated by 
Cindro [42] for a molecular configuration consisting of two touching 12C nuclei. 
The moment of inertia implied by this value is twice that of the 24Mg ground 
state band emphasising that a highly deformed configuration is involved. 
Following the initial discovery of resonances in the 12C+12C system, much ex-
perimental effort was directed to the study of other systems in order to determine 
whether such resonant phenomena was a special feature of the 12C+12C interac-
tion. Resonances have since been found in many other colliding systems of heavy 
ions thus establishing such resonant behaviour as a general feature of heavy ion 
interactions. The systems in which resonances have been observed are listed in 
table 1.1 where the entrance channels used to populate the resonances and the 
composite system associated with the structures are given. It is also important 
to note that certain systems, e.g. 12C+13C and 14N+14N [42, 43] have failed 
to provide definitive evidence of resonant behaviour. Conversely, a-conjugate 
systems seem to have a particular significance. Indeed, the most extensive exam-
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Composite Entrance Composite Entrance 
System Channel System Channel 
24Mg 12C + 12c ::s:ls 160 + 160 
:loiVIg l:.!C + 14C 12c + 2oNe 
13C + t3c ;j(jAr ｬｾ｣＠ + ｾＴＱ｜Ａｉｧ＠
2slVIg l4C + 14C 40Ca 12c + 2sSi 
:.!oAI l:.!C + 14N 160 + 24Mg 
:.!8Si 12c + 160 44Ti 12C + 32S 
2!:JSi 12c + 110 160 + 2sSi 
13C + 160 4tsCr ｾＴｍｧ＠ + :t4Mg 
3oSi 12c + tso 52 Fe 24Mg- + 2sSi 
14C + 160 5oNi :ttsSi + :ttsSi 
13C + 110 28Si + 28Si 
Table 1.1: List of colliding systems in which resonant behaviour has been ob-
served as collated by Cindro [42, 43]. The entrance channels used to populate 
the resonances are listed together with the composite system. 
pies of such resonance phenomena are found in the 12C+12C system which has 
consequently received the most attention both experimentally and theoretically. 
Resonances in the 12C+160 system were first observed by Groce and Lawrence 
(104] via the 12C(l60,a)24 Mg reaction populating the ground and first six excited 
states of 24 Mg. Nearly all of the excitation functions populating the different levels 
in 24Mg showed resonance-like behaviour at the same centre-of-mass energies near 
and below the classical Coulomb barrier (Ecm ｾ＠ 8.5 MeV). Several new resonances 
correlated between the a-particle and proton exit channels of the 12C(l60,a)24Mg 
and 12C(l60,p )27 AI reactions were later observed by Patterson et al (172] again 
at energies just below the Coulomb barrier. 
Halbert et al [108] studied the 12C(160,a)24Mg reaction again populating the 
ground and first six excited states of 24Mg at energies above the Coulomb barrier. 
Each of the a-particle excitation functions, obtained at five angles over a centre-of-
mass energy range rv8.2 - 18.2 MeV, displayed a rapidly fluctuating cross section. 
The data were found to be consistent with statistical Ericson fluctuations [7 4] 
resulting from interference between overlapping levels of the compound nucleus. 
However, unusually large peaks were seen in several of the excitation functions at 
a centre-of-mass energy of 13.6 MeV (corresponding to Ex(28Si) ｾ＠ 30.5 MeV since 
the threshold energy for the 12C+160 decay of 28Si is Qth = 16.755 MeV) which 
could not be explained by the simple statistical model. This provided the first 
experimental evidence of molecular resonance phenomena above the Coulomb 
barrier in the 12C+160 system. 
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Anomalous behaviour was later observed in various exit channels of the 12C+ 
160 interaction at Ecm = 19.7 MeV [207). This anomaly was correlated among 
different exit channels including elastic, inelastic (leading to the unresolved dou-
blet at 6.05, 6.13 MeV (Ot, 3-) in 160) and a-particles (summed over transitions 
to twelve separate states in 24Mg), as shown in figure 1.5(a). This anomaly was 
later observed in several proton (49, 199] and neutron [205] reaction channels at 
the same centre-of-mass energy and with comparable width, thus establishing the 
structure at Ecm = 19.7 MeV as a genuine resonance. Elastic scattering angu-
lar distributions at this resonance energy were consistent with a spin of J = 14 
[145] while the observed width of rv350 keV corresponded ·to a lower limit on 
the lifetime of 2 x 10-21 s [207]. Such a width was intermediate between that of 
shape resonances in the ion-ion interaction potential ( rv 1.5 MeV) and that of the 
underlying compound nucleus fluctuations ( rv 120 ke V) [146]. 
Resonant behaviour has since been observed at other energies above the 
Coulomb barrier in the 120+160 system, with correlated structures observed 
in excitation functions for various reaction channels [24, 122], elastic scatter-
ing (37, 213] and also in the summed {-ray yield (25, 210]. In a study of the 
{-ray yield from 12C+160 interactions, Branford et al [25] found the resonances 
at centre-of-mass energies below rv17 MeV to be observed mainly in a-particle 
exit channels and in the total fusion cross section. Between Ecm !::::: 17 - 20 MeV, 
neither the a-particle exit channels nor the total fusion cross section showed any 
evidence of resonant behaviour. However, at these and higher centre-of-mass en-
ergies, strong resonances were observed in various inelastic channels (25, 146]. 
Excitation functions obtained by Malmin et al [146] for scattering to the unre-
solved doublet at 6.05, 6.13 MeV (ot, 3-) in 160 are shown in figure 1.5(b) in 
which several striking resonances with a width I"V400- 500 keV are seen correlated 
at several backward angles. In a high resolution study of the inelastic scattering 
at Ecm = 19.7 MeV, Shapira et al (199] found the 6.13 MeV (3-) state in 160 to 
be responsible for at least 95% of the combined 6.05, 6.13 MeV (Ot, 3-) yield. 
Further high resolution measurements of 120+160 inelastic scattering [126, 127] 
found the resonances observed in scattering to the 6.13 MeV (3-) level to dif-
fer from those observed in scattering to the 160 6.05 MeV (Ot), 6.92 MeV (2+) 
and 10.35 MeV(4+) levels in 160 4 • The selective decays of different resonances 
suggested that more than one molecular configuration was being populated. 
Angular distribution measurements have enabled spins to be deduced for many 
of the resonances observed in the 12C+160 system. The energy-spin systematics 
of the resonances for which firm spin assignments have been made, as collated 
4The states at 6.92 and 10.35 MeV in 160 are believed to be the 2+ and 4+ members of 
the rotational band built on the 6.05 MeV (Ot) state [127, 179] and thus possess a different 
intrinsic structure to the ground and 3- levels. 
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Figure 1.5: (a) Excitation functions for various exit channels of the 120+160 
interaction. The anomaly at Ecm = 19.7 MeV is observed in the elastic, inelastic 
(120+160*(6.05, 6.13 MeV (Ot, 3-)) and a-particle exit channels (199, 207]. (b) 
Excitation functions for inelastic scattering to the unresolved doublet at 6.05, 
6.13 MeV (Ot, 3-) in 160 [146]. 
by Cindro [ 42, 43], are shown in figure 1.6. As in the 12C+12C system, these 
resonances are seen to lie in a narrow region spread around a straight line in 
the energy vs J(J + 1) plane suggesting that a collective rotational band in the 
120+160 system is being populated. The fragmentation of resonances with the 
same spin is also observed. The rotational parameter of n? /2I = 62 ke V extracted 
from a linear fit to the data (not taking into account vibrational degrees of freedom 
(41]) is close to the value of 54 keV calculated by Cindro [42, 43] for touching 
120+160 nuclei in a molecular configuration. 
The observation of resonances in the 12C+12C and 120+160 systems with 
large 12C [72, 219] and 160 [146, 205] widths respectively implied that simple 
structures may exist in the continuum of the 24Mg and 28Si compound nuclei 
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Figure 1.6: Energy-spin systematics of resonances observed in the 12C+160 sys-
tem for which firm spin assignments have been made, as collated by Cindro 
(42, 43]. 
which are structurally only one or two steps removed from the entrance channel 
[146]. However, the true nature of these resonances and the mechanism for their 
formation is still not completely understood. 
Early attempts to describe the resonances as shape resonances in the entrance 
channel optical potential (5, 219] found difficulty in reproducing the close spac-
ing, narrow width and sheer abundance of these molecular states. This required 
a coupling of the shape resonances, responsible for the broad (several MeV wide) 
structure observed in the excitation functions, to additional degrees of freedom 
of the resonating system. The resonances were thus interpreted as examples of 
isolated doorway states [76] connecting the entrance channel to states of higher 
complexity. Several mechanisms for the formation and stability of these states 
were proposed, differing primarily in the degrees of freedom believed to be im-
portant. 
Much attention was focused on the possible role of low lying collective exci-
tations of the incoming nuclei. For the 12C+12C system, Imanishi [117] and later 
Kondo et al [129) considered the coupling of the elastic channel to inelastic chan-
nels involving either one or both 12C nuclei excited to the first 2+ state at 4.44 
MeV. The potential well holding the ions together would then be that between a 
ground state and excited nucleus (or between two excited nuclei) rather than that 
between two nuclei in the ground state. This led Scheid, Greiner and Lemmer 
[197] to propose the double resonance mechanism in which the narrow resonances 
were formed when, as a consequence of the excitation of one or both nuclei, the 
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system dropped into the potential well forming a long-lived quasi-bound state. 
The resonance energies were those where the coupled low energy excitation ac-
counted for the difference in energy and angular momentum between the broad 
shape resonance and a quasi-bound state in the well. Such mechanisms were 
supported by the observation of strong resonances in the 12C+12C and 12C+16Q 
systems via inelastic scattering to the 4.44 MeV (2+) level (48] in 12C and 6.13 
1\!Ie V (3-) level in 160 [120, 146] respectively (both associated with collective 
excitations of the ground state configurations). 
Michaud and Vogt [152] suggested that the resonances in the 12C+12C system 
were one of a number of related phenomena in light nuclei manifesting a-particle 
structure rather than shell structure. As in Ikeda's hypothesis discussed in sec-
tion 1.1, it was proposed that a-particles may condense out of the normal nuclear 
ground state if energy was added to the system. At an excitation of rv20 MeV in 
24Mg, i.e. in the 12C+12 C Coulomb barrier region, three loosely bound a-particles 
could be expected (figure 1.1). According to this mechanism, resonances in the 
12C+12C system were formed in reactions where one of the 12C nuclei was in the 
form of three a-particles with the other in the ground state configuration. The 
resulting doorway state would then couple effectively to both the 160+8Be exit 
channel and 20Ne+a exit channels leading to states in 20Ne with large a-decay 
widths. The large cross section observed in the 160+8Be exit channel in the 
Coulomb barrier region [222] was in favour of such a mechanism. 
The 3-a chain configuration was originally assigned by Morinaga (155] to the 
7.65 MeV (Ot) level in 12C. However, it was difficult to find a mechanism that 
would prevent such a linear chain from bending about the middle cluster [68]. 
Using the Bloch-Brink a-cluster model (section 2.1.5), Friedrich [93] showed that 
a nearly linear chain with a hinge angle of 150° was a much better approximation 
for the second intrinsic state in 12C associated with the 7.65 MeV (Ot) level. 
However, the observed transition probabilities of the 7.65 MeV (Ot) level for both 
MO decay to the (Ot) ground state and E2 decay to the 4.44 MeV (2t) member 
of the ground state band were much larger than expected for transitions between 
the two very different configurations. Takigawa and Arima [211] showed that an 
explanation of these transition probabilities required a rv20% admixture of the 
chain configuration into the 12C ground state. This configuration mixing could 
then provide the mechanism for exciting the a-particle doorway states proposed 
by Michaud and Vogt [152] via the 12C+12C entrance channel. 
The a-particle doorway state model was also proposed to explain the reso-
nances observed in the 12C+160 system [127, 199, 207]. In this case, the proposed 
mechanism involved the crystalisation of an a-particle outside the 12C core in 160. 
This a-particle would then be bound in the common field formed by the two at-
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tached 12C cores forming a 12C-a-12C molecule (figure 1.1). The observation of 
resonances in 12C+160 inelastic scattering leading to members of the rotational 
band in 160 built on the ot state at 6.05 MeV (associated with a 12C-a configu-
ration) was in favour of such a description [127, 199]. 
1.3 Fission and Radiative Capture 
Following the discovery of resonances in the 12C+12C and 12C+160 systems, ex-
periments were performed to examine the relation between these cluster configu-
rations and the intrinsic structure of the compound 24 Ivig and 28Si nuclei. Several 
experiments have studied the fission of 24Mg and 28Si induced by the inelastic 
scattering of electrons. Electron scattering proceeds via the exchange of a virtual 
photon and, although limited to the population of low-spin states ( J ｾ＠ 2) in the 
target nucleus, preserves the link to the compound system. Early experiments 
[3g, 1go, 1g1) were performed under high background conditions and suffered 
from poor resolution. This was largely due to the use of polycarbonate films in 
which the passage of 12C and 160 ions was identified by chemical etching of the 
molecular damage created along their track. More recent experiments [193, 194] 
have used high resolution particle detectors to detect the decay fragments in co-
incidence on opposite sides of the beam axis. This was the arrangement employed 
by Sandorfi et al [1g4] to study the 24Mg( e, 12C 12C)e1 reaction at a beam energy 
of 30 MeV in which the 120 fragments were detected at 125° and 55° relative to 
the beam direction. The symmetric nature of the decay channel restricts the ob-
served states to J = 0 or 2. The yield of 120 nuclei from the fission of 2+ states in 
24Mg has an angular distribution dominated by sin2 (2B) [194] which vanishes at 
goo. The yield measured at 90° will thus result primarily from the isotropic decay 
of o+ levels. The difference between data taken at goo and 125°/55° permitted 
the o+ and 2+ strengths to be extracted. These are shown in figure 1. 7 in which 
fission is observed from states in 24Mg in the excitation energy range rvl9 - 24 
MeV. 
Radiative capture experiments were also performed [164, 1g2] in which the 
fusion of two heavy ions leads to the population of highly excited states in the 
compound nucleus. These states then decay directly to the ground or low-lying 
states by a single 'Y-transition. Since the rate of an electromagnetic transition 
drops dramatically with the multipolarity and energy of the 'Y-ray [143], the 
high energy 'Y-transitions observed in the radiative capture experiments will al-
most certainly be of a dipole (E1) or quadrupole (E2) nature thus restricting 
the angular momenta of states that may be observed. Radiative capture to the 
ground state of the compound nucleus may be viewed as the time-reversed pro-
cess of electrofission (leading to two ground state fragments). The two processes 
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The 12C(12C,')'o) 24Mg98 excitation function [164] is indicated by the dot-dashed 
curve in (b). 
are thus expected to probe the same structures of the compound nucleus. The 
12 C(12C,')')24Ivig radiative capture reaction leading to the ground and first three 
excited states in 24Mg was studied by Nathan et al [164]. The identical spin zero 
bosons in the entrance channel again restricted the states populated to those of 
even spin while the photon decay to the o+ ground state further ruled out decays 
from o+ states (o+ -+ o+ transitions cannot proceed via the emission of a single 
photon since the spin and orbital angular momentum of the photon cannot couple 
to a total angular momentum of zero [123]) and made multi polarities greater than 
2+ extremely unlikely. All resonances observed in ground state decays were thus 
most likely of spin J1r = 2+. The 12C(12C,')'0)24Mg98 excitation function obtained 
is indicated by the dot-dashed curve in figure 1.7(b). Three of the four primary 
resonances seen in the capture data also appear at about the same level in the 
electrofission data with the fourth resonance at Ex= 20.7 MeV greatly reduced in 
the latter. This was not too surprising since this resonance is very near the peak 
of the o+ strength. The presence of such strong interference suggested a struc-
tural similarity between o+ and 2+ states that fission into 12C+12C. A statistical 
analysis of the capture data found the 12C+12C partial widths of the resonances 
to be significantly enhanced over statistical predictions. The peak at 19.5 MeV 
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(Ecm = 5.6 MeV) in the ')'o capture data was associated with a 2+ resonance pre-
viously observed in 12C+12C scattering at the same energy [3, 131] while other 
peaks did not seem to correlate with known 2+ resonances in the 12C+12 C sys-
tem. The photon widths of the capture resonances were enhanced over statistical 
expectations except for the Ecm = 5.6 MeV resonance which was consistent with 
statistical photon decay. It was concluded that at least one and possibly all of the 
previously identified 12C+12 C molecular resonances were present in the capture 
data although only at a very low level consistent with statistical ')'-decay. The 
dominant resonances observed in the capture data were thus suggested to form 
a new set of resonances which should also be present to some level in 12C+12 C 
scattering due to their non-statistical 12C width. 
While electron scattering and radiative· capture are limited to exciting states 
with low spin (typically J:::; 2), this restriction does not apply to inelastic hadron 
scattering where a range of reaction mechanisms may excite the nucleus to the 
region where fission may occur. This led Wilczynski et al (227] to study the 
fission of 24Mg induced by the inelastic scattering of 120 IvieV a-particles. In 
this experiment, the scattered a-particles were detected in coincidence. with one 
of the 12C decay fragments. From the kinematics of the reaction, final states 
corresponding to the 12Cgs+12 Cgs and 12Cgs+12C*(4.44 MeV, 2t) decay channels 
were identified and the excitation energy of the 24Mg nucleus undergoing fission 
determined from the energy of the scattered a-particle. Despite low statistics, the 
anisotropy of the fragments observed in the 12Cgs+12Cgs decay channel indicated 
'that a sizable fraction of the states excited between Ex (24 Mg) = 22 - 26 MeV were 
of spin J =/:. 0. Lower and upper limits on. the partial widths also suggested large 
12 C widths compared to statistical predictions. The 24Ivig(a,a') 12Cgs+12Cgs reac-
tion was later studied with higher efficiency by Lawitzki et al (137] who recorded 
triple coincidences between the scattered a-particles and both 12C decay frag-
ments. The a-particles were detected at 8cm ｾ＠ 8.5° near the first maxima of 
the J = 2 and 4 angular distributions thus enhancing the yield of these multi-
poles. The decay fragments were detected at three angle settings corresponding 
to {)em ｾ＠ 0°, 30° and 90° with respect to the recoil 24Mg* direction. The a-particle 
spectrum in coincidence with decay fragments detected at ｻＩ･ｭｾ＠ 30° is shown in 
figure 1.8(a) as a function of excitation energy in 24 Mg. An analysis of the three 
point angular correlation of the decay fragments concluded that a sizable fraction 
of these states in the excitation energy region studied rv 19 - 29 MeV have spins 
J = 2, although small admixtures of J = 4 could not be excluded. 
In a similar experiment, Davis et al (65] studied the 12Cgs+12Cgs decay of 24Mg 
induced by the inelastic scattering of 190 MeV protons in which triple coincidences 
between the scattered protons and both decay fragments were recorded. Events 
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protons [65]. 
corresponding to the 12C9s+12C98 decay channel are shown in figure 1.8(b) as a 
function of excitation energy in 24Mg, deduced from the energy of the scattered 
protons. Both the a-particle and proton induced fission data are seen to populate 
the same excitation energy region in 24Mg although the low statistics and lack of 
detailed spin information prevents a more quantitative comparison. 
Since the states observed in electron scattering and radiative capture showed 
little apparent correlation with the known J1f = 2+ molecular resonances observed 
in 12C+12C scattering, several authors [39, 192] attributed the new resonances 
to fragments of the Giant Quadrupole Resonance in 24Mg. Giant resonances 
are highly collective modes, in which an appreciable fraction of the nucleons 
move together, and are characterised by the localisation in excitation energy of 
a considerable fraction of the linearly Energy Weighted Sum Rule (EWSR)5 . 
In a shell model description, they may be considered to result from transitions 
of nucleons from single-particle orbits in one major shell to another under the 
influence of an interaction that orders the transitions into a coherent motion. Of 
the many giant resonances predicted to exist in atomic nuclei, the most studied are 
the Giant Dipole {El) Resonance (GDR) and Giant Quadrupole {E2) Resonance 
(GQR) [16]. The isoscalar GQR has been found in many nuclei from 12C to 
238U [16] and is typically observed in inelastic scattering as a broad bump at an 
excitation energy of Ex ｾ＠ 63A -l/3 MeV superposed on the underlying continuum. 
5 A theoretical limit for the strength of a given multipolarity transition. 
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In 24Mg, the isoscalar GQR is strongly fragmented into many separate or partially 
overlapping states and is observed at an excitation energy of rv18 !vleV with a 
width of rv5 MeV [218], thus overlapping the region sampled by the fission and 
capture experiments (figures 1.7 and 1.8). It was therefore suggested that the 
highly collective states in 24 Mg associated with the GQR may couple to the 
12C+12C channel thus providing a doorway for fission or fusion [192]. 
Lawitzki et al [137] noted that the structures (mainly J = 2) observed in 
12C+12C fission induced by the inelastic scattering of a-particles, as shown in fig-
ure 1.8(a), were also observed in singles a-scattering measurements (i.e. 24 Mg(a, 
a')24 l\!Ig*) at the same excitation energies in 24Mg and with . comparable widths. 
This was taken to suggest a strong correlation between the structure of the GQR 
and the fission data. However, the cross section integrated between 19 - 29 !vie V 
excitation corresponded to only 0.14% of the E2 EWSR in the 12C+12C chan-
nel compared to 22.1% determined by Van der Borg et al (218] to lie within a 
similar excitation energy interval. Sandorfi et al [193] have studied the 160+8Be 
and 20Ne+a decay of 24Mg following inelastic electron scattering. Although the 
fission was observed from a similar excitation energy region as the symmetric 
12C+12C fission, there was little evidence of states in 241\!Ig that decay into more 
than one channel. This was contrary to the correlated decay in different channels 
expected if giant resonances acted as doorway states. A statistical analysis [194] 
of the decays also concluded that the observed yields could not simply result from 
statistical decays of giant resonances. 
The notion that the capture resonances were probing a new set of resonances 
different to those observed in other 12C+12C reactions was placed in doubt by 
a subsequent measurement of 12C(12C,f') 24Mg radiative capture by Dechant and 
Kuhlmann [66]. Two maxima in the 12C(12C,f'1) 24Mg(1.37 MeV, 2+) excitation 
function were found to correlate exactly with the energies of two 2+ resonances 
at Ecm = 4.88 and 5.00 MeV previously observed by Galster et al [99] via the 
12C(12C,a)20 Ne reaction. The capture resonances were correlated between de-
cays to the first and unresolved second and third excited states in 24Mg with 
yields in excess of statistical expectations, though no correlated structure was 
observed in decays to the ground state. A further correlation was also noted 
between the resonance observed in the capture data of Nathan et al [164] at 
Ecm = 6.0 MeV and a 2+ resonance discovered via the 12C(12C,a)2°Ne98 reaction 
[7] at Ecm = 6.01 MeV which had previously been obscured by the proximity of 
stronger 4 + resonances. The relation between the radiative capture states and 
the molecular resonances observed in 12C+12C scattering and reaction channels 
thus remains unclear. However, following the arguments of Nathan et al [164], a 
clearer knowledge of the statistical significance of resonances observed via these 
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different processes may resolve this point. Nevertheless, the fission and radiative 
capture data strongly suggest a close connection between states with 12C+12C 
parentage and the intrinsic structure of the ground and low-lying states in 24:Nig. 
The electrofission of 28Si has also been studied [190, 194). In the first of 
these experiments performed by Sandorfi et al (190), the electron energy was 
varied between 23 and 34 MeV and the 12C nuclei from the 28Si(e,12C 160)e' 
reaction detected at goo to the incident beam. The equivalent differential cross 
section for photofission, i.e. 28Si( 'Y, 12C) 160, deduced from the data showed a 
peak at 28.3 MeV with a width of ""'2.5 MeV. It was demonstrated that ｾ＠ 90% 
of the yield at this excitation energy was due to the 12C*(4.44 :NieV, 2+)+160 95 
decay channel. The angular distribution of the emitted 12C nuclei was consistent 
with E2 absorption populating a state with an angular momentum projection 
of K = 21i along the fission axis. In a simple molecular oscillator picture, the 
12C95+160 95 decay of the oblate ground state of 28Si is forbidden by the Pauli 
principle (this is discussed in section 2.1.6) whereas such a decay is allowed from 
the prolate6 shape. The resonance at 28.3 MeV was thus interpreted (190] as 
excitations in the oblate well to states with appreciable overlap with the Giant 
Quadrupole Resonance (GQR) built on the prolate shape of 28Si. 
This electrofission reaction was later studied in a high resolution coincidence 
measurement [194]. The energy spectrum of 12C ions from the 28Si(e,12C 160)e' 
reaction is shown in figure 1.9 in which the excitation energy scale assumes the 
emitted 12C fragment to be excited to the 2t state at 4.44 MeV as suggested 
by the earlier data [190], although decays to the 12C95+ 16 0*(6.1 MeV) channel 
cannot be ruled out. Considerable structure is observed in figure 1.9. However, 
no molecular resonances with J::; 2 have been found in 12C+160 scattering and 
reaction channels in this excitation energy region and hence the origin of the 
structure in figure 1.9 is not yet understood. 
The 12C(160,,)28Si radiative capture reaction has also been studied [47, 194]. 
The excitation functions for 'Y-transitions to the ground and first excited states 
in 28 Si are shown in figure 1.10. The cross sections for 'Yo decay were found to 
be extremely small, an effect attributed to the oblate nature of the 28Si ground 
state compared to the inherently prolate 12C+160 entrance channel. However, the 
same argument holds for the first excited state which is expected to be structurally 
similar to the ground state, suggesting that the larger yields observed for 'Yt decays 
may reflect resonances with spins J > 2 (only resonances with J = 1 or 2 may 
be observed in the 'Yo channel). 
6Various theoretical models, to be discussed in chapter 2, predict a low-lying prolate con-
figuration in 28Si which has been identified [63] with the experimental band [103] built on the 
6.69 MeV (ot) level. 
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Figure 1.9: The yield from the high resolution measurement of the 28Si( e, 12C 
160)e' reaction [194]. The excitation energy scale at the bottom of the figure 
assumes the 12C fragment to be emitted in the first excited state at 4.44 MeV. 
Collins et al (47] performed further measurements of the 12C(l60,"'f)28Si radia-
tive capture reaction in which the high-energy 7-rays were detected in coincidence 
with the recoiling 28Si nucleus. The improved channel selection afforded by this 
coincidence technique allowed lower energy 7-transitions to be identified. Indeed, 
the 7-ray spectra were found to be dominated by transitions to members of the 
K = 0 prolate band in 288 built on the 6.69 MeV (Ot) band head [103]. Struc-
ture was observed in the excitation functions for decays to the 6.69 MeV (o+) and 
7.38 MeV (2+) members of the prolate band [103] in the region just above the 
Coulomb barrier. However, the peaks in the excitation functions were correlated 
not in centre-of-mass energy, but in excitation energy above the final state, i.e. 
at the same 7-ray energy. The angular dependence of the transitions to the 6.69 
MeV (Ot) state, as measured at several beam energies, were found to be strongly 
peaked at 90°, indicating a dominant dipole component. These observations sup-
ported by a statistical analysis were consistent with the decay of a Giant Dipole 
Resonance (GDR) built on the prolate shape of 28Si. The enhancement in the 
yield was attributed to the inherently prolate nature of the entrance channel. 
The electrofission and radiative capture results have suggested an association 
of a 12C+160 cluster configuration, not with the ground state but with intrinsic 
prolate structures in 28Si. However, the structures observed in these experiments 
could not be associated with the known 12C+160 molecular resonances observed 
in scattering and reaction channels, instead they favoured an interpretation in 
terms of giant resonances built on the prolate band in 28Si. 
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Figure 1.10: Excitation functions for the 12C(160,/)28Si radiative capture reaction 
[194] leading to the (a) ground and (b) first excited state in 28Si. 
1.4 Breakup Experiments 
Resonances observed in electrofission and radiative capture experiments showed 
little apparent correlation with those observed in other 12C+12C and 120+160 
reactions. In particular, the electromagnetic interactions were limited to the 
population of states with J :::; 2 while heavy ion resonances have been found 
in these systems with a range of spins up to much higher values. The inelastic 
a-particle and proton scattering were capable of populating higher multipolar-
ities but suffered from poor efficiency and consequently poor statistics. These 
difficulties were overcome by experiments studying breakup reactions using the 
technique of Resonant Particle Spectroscopy (RPS). Such experiments were per-
formed in inverse kinematics in which heavy ions were scattered from a lighter 
mass target. This resulted in a forward focusing of the decay fragments into a 
narrow cone in the laboratory allowing a high efficiency for coincident detection of 
the fragments to be achieved by placing detectors in this forward focussed cone. 
The high angular momenta brought into the reaction by the heavy projectiles 
also permitted higher spin states to be populated. The RPS technique will be 
discussed in detail in section 2.2.1. 
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1.4.1 The 12C+12C Breakup of 24Mg 
The RPS technique applied to the symmetric breakup of 24Ivlg induced by inelastic 
scattering of 12C (in inverse kinematics) was first reported by Fulton et al [94] and 
Wilczynski et al (228] at beam energies of 180 Ivie V and 360 MeV respectively. 
The excitation energy spectra evaluated from the relative centre-of-mass energy 
of the detected fragments from the 12C(24Mg,l2C 12C) 12C reaction (for events 
corresponding to all three final state particles emitted in their ground states) 
showed that breakup was occurring from excited states between 20- 30 MeV in 
the 24Mg nucleus. Angular distribution measurements of the breakup fragments 
initially suggested that these states were of spin J = 0 or 2 [228] and could thus be 
fragments of the Giant Quadrupole Resonance. A further measurement by Fulton 
et al [96] at a beam energy of 170 MeV with improved resolution found the states 
to be rather narrow ( < 200 ke V), as shown in the excitation energy spectrum of 
figure 1.11. An analysis of the angular correlations of the breakup fragments (a 
technique more sensitive to the details of the breakup process than the angular 
distribution measurements of Wilczynski et al [228]) found the spins of the states 
in this energy region to range from J = 4 to 8 confirming clearly that these were 
not fragments of the GQR but must arise from some other property of the 24Mg 
nucleus. The energy-spin systematics of the breakup states, shown in the inset of 
figure 1.11, found the states to lie along a trajectory consistent with a rotational 
band with a rotational spacing of 1i2 /2I = (60±11) keV and a band head at 
(20±0.5) MeV. This large moment of inertia implied a considerable deformation 
of the 24Mg nucleus and raised the possibility that the reaction could be exciting 
.the 12C+12C resonances discussed in section 1.2. The known resonances in this 
energy region were however more numerous than the breakup states in figure 1.11. 
A subsequent high resolution measurement by Curtis et al (62] showed some of 
the peaks in figure 1.11 to be fragmented into narrower structures with widths 
of the order of ""100 keV. The energies, widths and spins of these states were 
found to be consistent with the known 12C+12C resonances occurring in the same 
region of excitation in 24Mg as shown in figure 1.12. This suggested that both 
processes were populating the same 12C+12C cluster structures in 24Mg. 
Fulton et al [97] studied the 12C+12C breakup of 24Mg populated via the 
12C(2°Ne,12C 12C)8Be reaction at Ebeam = 160 MeV. The excitation energy spec-
trum obtained is shown in figure 1.13(a) in which narrow states in 24Mg are 
seen up to an excitation energy of 1".133 MeV. The spectrum was found to be 
structurally similar to that observed in the 12C(24Mg,l2C 120) 120 reaction al-
though the yield was concentrated in a higher excitation energy region. This 
last point reflected the kinematic matching conditions for the a-transfer process 
(section 7.1.1) believed to be responsible for the 12C(2°Ne,24Mg*)8Be reaction. 
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Figure 1.11: Excitation energy spectrum for the 12C+12C decay of 24Mg observed 
via the 12C(24Mg,l2C 12C) 12C reaction at Ebeam = 170 MeV [96]. The inset shows 
the energy-spin systematics of the breakup states. The solid circles indicate firm 
spin assignments, the open circle is tentative. 
At the beam energy of 160 MeV, the optimum matching was for states with J 
= 8 or 10 in this excitation energy region. Murgatroyd et al [160] performed a 
further measurement of the 12C(2°Ne,l2C 12C)8Be reaction at the higher beam 
energy of 300 MeV to provide better angular momentum and energy matching 
for exciting higher lying states. However, the same termination of the breakup 
states at Ex ::: 33 MeV was observed. This result was consistent with the states 
being associated with highly deformed shape isomeric bands in 24Mg which ter-
minate at ｨｩｧｾ＠ excitation energy. The selectivity of the a-transfer process, which 
is expected to preferentially populate states with a 4p-4h character [6, 90], also 
provided information about the structure of the states. 
In order to provide a better comparison between the states observed in the 
12C(2°Ne,12C 12C)8Be and 12C(24Mg,12C 12C) 12C reactions, the latter reaction 
was re-measured by Leddy et al [140] using an experimental set-up designed to 
sample the higher excitation energy region in 24Mg between 21 - 30 MeV. The 
excitation energy spectrum obtained is shown in figure 1.13(b) in which structured 
yield is observed up to at least 30 MeV. A comparison between the energies of 
the states observed in the 12C(2°Ne,24Mg*)8Be and 12C(24Mg,24Mg*)12C reactions 
again suggested that the same states were being populated in both reactions 
(figure 1.13). However, firm spin assignments for the states observed in the 20Ne 
beam data and for states above Ex ｾ＠ 25 MeV in the 24 Mg beam data are still 
required for a more conclusive comparison. The measurement of Leddy et al [140] 
did however confirm the J = 6 assignment to the state at 22.8 MeV and further 
suggested J ｾ＠ 10 for the states at 26.3 and 27.1 MeV. The broad structure at 
rv28 MeV in the 20Ne beam data was suggested to be dominated by J = 10 or 
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Figure 1.12: Comparison between (a) the excitation energy spectrum for the 
12C+12C decay of 24Mg observed in the high resolution measurement of the 
12C(24 Mg,12C 12C) 12C reaction [62] and (b) the excitation function for the to-
tal 12C+12C reaction cross section as measured by Erb et al [72]. The dashed 
curve in (a) indicates the detection efficiency of the measurement. 
12 [159] and to be of the same spin as the states at 26.9 and 27.6 MeV. This 
provided some tentative agreement between the spins of the states populated via 
these two reactions. The cross section for the 12C(2°Ne,12C 12C)8Be reaction was 
1- 2 orders of magnitude larger than that of the 12C(24Mg,12C 12C)12C reaction, 
consistent with the more feasible population of 4p-4h configurations via the a-
transfer process. 
Several experiments have searched for the 12C+12C decay of 24Mg populated 
via the 12C(160,24Mg*)4He reaction [53, 54, 88, 138]. In a recent study of the 
12C(l60,12C 12C)4He reaction by Freer et al [91] at beam energies of 75, 85 and 
115 MeV, the 12C+12C decay from a series of states in 24Mg in the excitation en-
ergy range 20- 40 MeV was reported. The excitation energy spectrum obtained 
from the sum of the 85 and 115 MeV beam data is shown in figure 1.13(c). In 
terms of both energies and spins, many of the states observed in this reaction 
could reasonably be associated with molecular resonances observed in this energy 
region [51, 79, 121]. Several states also appeared to favour the 12C+12C decay 
channel over the 160+8Be channel (which was also studied in the same experi-
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Figure 1.13: Comparison of the excitation energy spectra for the 12C+12C de-
cay of 241\tfg observed in the (a) 12C(2°Ne, 12C 12C) 8Be [97], (b) 12C(24Mg, 12C 
12C)12C [140] and (c) 12C(160,12C 12C)4He [91] reactions. 
ment [91]) in excess of statistical expectations, thus strengthening the link to the 
12C+12C molecular resonances. Although several states appeared to be correlated 
with those observed in the 12C(2°Ne,l2C 12CY8Be and 12C(24Mg, 12C 12C)12C re-
actions, others were found to have no counterpart in the 24Mg and 20Ne beam 
data. In particular, states at excitation energies as high as 35.1 and 36.5 MeV 
(not shown in figure 1.13(c)) were observed in the 12C(160,24Mg*)4He reaction 
whereas those populated via the 12C(2°Ne,24Mg*)8Be reaction have been found to 
terminate at Ex ｾ＠ 33 MeV [160]. These differences may reflect the different re-
action mechanisms involved in the population of the cluster decaying states. The 
angular distribution for several of the states observed in the 12C(160,24Mg*)4He 
reaction was previously observed to be symmetric about 90° in the centre-of-mass 
with equal magnitude at forward and backward angles [88]. This is consistent 
with a production process linked to the 28Si compound nucleus which is expected 
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Figure 1.14: Excitation energy spectrum for the 12C+160 decay of 28Si observed 
in the 12C(24Mg,12C, 160)8Be reaction at a beam energy of 180 MeV (13, 94]. 
to be less selective than a-transfer. The spectrum of breakup states populated 
in this reaction is thus more complex and may involve more than one cluster 
configuration or states with no particular cluster structure decaying statistically 
into the 12C+12C channel. 
In the original experiment of FUlton et al [13, 94] the 12C+160 decay of states in 
28Si was also observed via the 12C(24Mg,12C 160)8Be reaction at a beam energy 
of 180 MeV. The excitation energy spectrum obtained is shown in figure 1.14 
in which yield is observed in the excitation energy region 26 - 36 MeV. The 
12C+160 decay of states in 28Si populated in the inelastic scattering reaction 
12C(28Si/2C 160)12C has also been studied [14] at a beam energy of 200 MeV. 
Little evidence for this reaction process was observed despite the experiment · 
being optimised for the detection of states just above the Coulomb barrier in 
the 12C+160 system (Ex(28Si) ｾ＠ 25 MeV), i.e. the region from which structured 
yield was observed in the 24Mg beam data shown in figure 1.14. The differential 
cross section for the 12C(28Si/2C 160)12C reaction was found [90] to be at least 
an order of magnitude lower than that for the 12C(24Mg,12C 160)8Be reaction. 
These results suggested little overlap of the 28Si ground state wave function with 
a 12C+160 cluster structure in agreement with the electrofission and radiative 
capture results discussed in section 1.3. 
The 12C(24Mg, 12C 160)8Be reaction was further studied by Curtis [60] at a 
beam energy of 170 MeV in which the excitation energy spectrum shown in fig-
ure 1.15(a) was obtained. This confirmed the results shown in figure 1.14 [13, 94]. 
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Figure 1.15: Comparison of the excitation energy spectra for the 12C+160 decay 
of 28Si observed in the (a) 12C(24Mg,12C 160)8Be [60], (b) 12C(2°Ne,l2C 160)4He 
[97] and (c) 160(160,120 160)4He [162] reactions. 
However, no spin information could be extracted from the angular correlations 
of the breakup fragments. This was attributed to a combination of low statistics 
and lack of sufficient excitation energy resolution to resolve neighbouring states of 
different spin and parity. In contrast to the symmetric 12C+12C decay of 24Mg in 
which only states of even spin may be observed, the asymmetric 12C+160 decay 
of 28Si may proceed from both even and odd spin states. The density of states 
is thus expected to be greater than that observed in symmetric fission. States 
of even and odd spin may thus contribute to unresolved peaks in the excitation 
energy spectrum of figure 1.15(a) making spin assignments difficult. 
Murgatroyd et al [161] have also observed the 12C+160 breakup of states in 
28Si, populated in their case via the 12C(2°Ne/2C 160)4He reaction. The excita-
tion energy spectrum obtained is shown in figure 1.15(b). The limited statistics 
again prevented spin assignments from being extracted from the data. 
In analogy with the 12C(l60,24Mg*)4He reaction used to study cluster states 
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in 24:Nig, the 160(160,28Si*)4He reaction has been exploited to search for cluster 
states in 28Si. Freer et al [88] observed the 120+160 decay from states in 28Si in 
the excitation energy region 26- 30 MeV via the 160(160,120 160) 4He reaction 
at a beam energy of 85 MeV, although the low statistics again prevented spin in-
formation from being extracted. This reaction has been studied more recently by 
Murgatroyd et al [162] at beam energies of 90 and 97 MeV. The excitation energy 
spectra obtained at the two energies are shown in figure 1.15(c) in which struc-
tured yield is observed in the excitation energy range 27 - 39 MeV. It is hoped 
that further analysis will result in spin assignments for some of the strongly pop-
ulated states. As for the 120(160, 120 12C) 4He reaction, the reaction mechanism 
for the 160+160 entrance channel is expected to be inclusive rather than selective 
in its population of states in 28Si. Consequently, a complex spectrum of breakup 
states is expected in the 160 beam data. 
A qualitative comparison between the cluster states in 28Si populated via the 
three entrance channels 24Mg+12C, 20Ne+12C and 160+160, shown in figure 1.15, 
suggests some similarities. All three excitation energy spectra include peaks at 
rv30 MeV while peaks at rv28 MeV are seen in both the 24 Mg and 160 beam data. 
The strong peak at rv36.5 MeV in the 20 Ne beam data also appears to correlate 
with the doublet observed in the 97 MeV 160 beam data at the same energy. 
Other structures, particularly in the excitation energy region rv32 - 35 MeV are 
not well defined in the 24Mg and 20 Ne beam data thus making comparison difficult. 
Furthermore, firm spin assignments are required before a quantitative comparison 
can be made between the states populated in these reactions and the heavy ion 
resonances in the 120+160 system discussed in section 1.2. 
1.5 Experimental Motivation 
Knowledge of the reaction mechanism responsible for the population of cluster-
decaying states in a nuclear reaction may provide insight into the nature of these 
potentially exotic states. Such information is also useful for comparison with the 
predictions of various theoretical models which will be discussed in chapter 2. 
Both the 120+160 decay of 28Si and the 12C+12C decay of 24Mg have previously 
been observed following the interaction of a 170 MeV 24Mg beam with a 12C 
target. The primary aim of the present experiment was to study the target de-
pendence of these breakup reactions in order to determine the dominant reaction 
mechanisms responsible for the population of the cluster decaying states. 
The 12C(24Mg,12C 160)8Be reaction has previously been proposed [94] to pro-
ceed via the transfer of an a-particle onto the 24Mg projectile. If this is the case 
then the selectivity of the a-transfer process is expected to preferentially populate 
states with a 4p-4h or 24Mg+a character [6, 90]. Another possible mechanism 
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for this reaction is the formation of an 36 Ar compound nucleus followed by 8Be 
emission. Such a compound mechanism is in general expected to be less selective 
than a-transfer [91] and may thus populate a greater number of configurations in 
28Si. A resonance in the 36 Ar compound nucleus could however make the reaction 
selective. The main motivation for the present experiment was to determine the 
dominant reaction mechanism responsible for the 12 C(24Mg,12C 160)8Be reaction. 
Replacing the 12C target with lighter mass target nuclei renders the formation of 
an 36 Ar compound nucleus impossible. For the present experiment, targets of 7Li 
and 9Be were chosen whose ground state wave functions are known to possess a 
strong overlap with a-3H [118, 154] and a-a-n [221] cluster structures respectively 
thus favouring a-transfer from these nuclei. A 24Mg beam energy of 170 MeV 
was chosen as in the work of Curtis [60]. Data were also collected with a pure 
12C target for comparison with both the earlier work and with the 7Li and 9Be 
target data. The kinematic matching conditions for a-transfer from these three 
target nuclei (at a beam energy of 170 MeV in each case) are similar and will be 
discussed in chapter 7. 
The population of the same states in 28Si via the 7Li(24Mg, 12C 160)3H and 
9Be(24Mg/2C 160) 5He reactions as those observed in the 12C target data with 
comparable yield would indicate an a-transfer mechanism. The absence of yield 
would suggest some other mechanism most likely associated with the 36 Ar com-
pound nucleus. Since the 12C(24Mg,12C 160)8Be reaction is known to proceed 
[60, 94], observation of yield in the 12C target data would then confirm the absence 
of yield in the 7Li and 9Be target data as a genuine rather than an experimental 
effect. Furthermore, the use of a spin zero 12C target may allow the spins of the 
12C+16 0 cluster decaying states to be determined from a study of the angular 
correlations7 of the breakup fragments, if sufficient energy and angular resolution 
is achieved. Such spin information is necessary for a detailed comparison of these 
states with the 120+160 heavy ion resonances discussed in section 1.2. 
Since lithium metal oxidises readily in air, a pure 7Li target could not be used 
unless the target foil could be isolated in vacuum from the time of fabrication 
until installment in the scattering chamber. However, the practical difficulties 
associated with this option necessitated the use of a lithium compound. In order 
to reduce the degree of elastic scattering of the incident beam from the target 
nuclei, which increases the radiation damage sufferered by the detectors, it was 
preferable to use an oxidising agent with low atomic number. This criterion was 
7It will be shown in section 2.2.3 that for a spin zero target the angular correlations take a 
particularly simple form allowing the spin of the decaying state to be determined in an essentially 
model independent manner. For non zero spin targets such as Ｗ ｌｩ ＹＸ Ｈｾ＠ -) and Ｙ ｂ･ Ｙ ｳＨｾ＠ -), the 
angular correlations are in general more complicated and must be compared to the predictions 
of an appropriate reaction model. 
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satisfied by choosing a lithium oxide (Li20) target. The higher energy required 
to separate an a-particle from 160 (7.161 lVIeV) compared to 7Li (2.467 MeV) 
also allows a-transfer reactions proceeding from the two target components to be 
separated based on Q-value considerations. 
From the data collected with a Li20 target, the 160e4 l\!Ig, 12C 120) 160 re-
action may also be studied. This provided a second motivation for the present 
experiment. Previous studies of this reaction have been inconclusive due to ex-
perimental difficulties [125]. A study of the 16 0(24Mg, 12C 120)160 reaction may 
however provide information about the reaction mechanism populating the 12C-
12C cluster states in 24Mg. In the early work on the 12C(24 l\!Ig,12C 12C) 12C re-
action [94, 228], the mechanism was assumed to be direct inelastic excitation of 
the 24 lVIg projectile. If this is the case then the cluster states in 24Mg are also 
expected to be populated if the 12C target is replaced with other target nuclei 
such as 16 0, 7Li and 9Be used in the present experiment. 
Another possibility for the reaction mechanism is the formation of an 36 Ar 
compound nucleus followed by 12C emission. If this is the case then the cluster 
states in 24 Mg are not expected to be populated in the interaction of the 24 Mg 
projectile with target nuclei other than 12C. Rae and Merchant [178] have pro-
posed that the 12C(24Ivig, 12C 12C) 12C reaction at 170 MeV (Ecm = 56.7 MeV) 
proceeds via a resonance in 36 Ar associated with a hyperdeformed (axis ratio of 
3:1) configuration predicted by a-cluster model calculations. This proposition 
has raised recent interest in identifying the mechanism responsible for this re-
action. Two distinctive characteristics of a reaction mechanism are the angular 
dependence of the excitation process8 and the energy dependence of the yield. 
Gyapong et al [105] have studied the energy dependence of the yield to the se-
ries of 4 + states at ""22 !vie V excitation in 24 Mg (figure 1.11) populated in the 
12C(24Mg,12C 12C)12C reaction. The yield as a function of beam energy in the 
range 130 to 180 MeV (Ecm(l2C+24Mg) = 43.3- 60.0 MeV) was compared to 
the predictions of various reaction models. Both a purely statistical compound 
nucleus description, in the sense of a fully equilibrated compound nucleus, and 
a massive 12C transfer from projectile to target were found to be inconsistent 
with the data. However, the data could be described equally well by either direct 
nuclear inelastic scattering or a resonance mechanism and could therefore not 
distinguish between these two quite different processes. 
The angular distribution of the 24Mg* nucleus from the 12C(24Mg,l2C 12C)12C 
reaction prior to breakup has also received some limited study. One such at-
8For a compound nuclear reaction, the angular distribution of the reaction products is typi-
cally expected to be symmetric about goo in the centre-of-mass with equal magnitude at forward 
and backward angles [1g6]. For a direct reaction, the angular distribution is expected to be for-
ward peaked and thus asymmetric about goo [1g6]. It is noted that more than one mechanism 
may in principle contribute to a given reaction. 
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tempt by Freer [84] at a beam energy of 170 MeV found the angular distribution 
to be strongly forward peaked although only a small range of scattering angles, 
0° :::; ()* :::; 40°, were sampled in the data. Singer (202] later reversed the kine-
matics and studied the 24 ivlg(12C, 12C 12C) 12 C reaction at a beam energy of 85 
l\IIeV, i.e. at the same centre-of-mass energy of 56.7 l\IIeV. The yield was nor-
malised to the equivalent angular coverage sampled in the previous measurement 
of the 12 C(24Mg,12C 12C) 12C reaction at a beam energy of 170 MeV [84]. After 
normalisation, the yield at backward 241\IIg* scattering angles near ()* = 180° was 
found to be at least a factor of 45 lower than that at forward angles near (}* = 
oo, integrated over all excited states in ul\llg. Both of these ·angular distribution 
studies suggest a direct mechanism for the 12C(24 l\1Ig,12C 12C) 12C reaction. 
The present experiment offers an alternate approach for determining the reac-
tion mechanism by allowing the target dependence of the 241\llg* -t-12C+12 C yield 
to be studied. 
Chapter 2 
Theoretical Considerations 
2.1 Nuclear Models 
2.1.1 Deformed Harmonic Oscillator 
The independent particle model of nuclear structure [182, 183] assumes that each 
constituent nucleon moves independently in an average potential, or mean field, 
produced by all of the other nucleons. The shape of this potential is thus expected 
to reflect the density distribution of the nucleons within the nucleus. For light 
nuclei, the anisotropic harmonic oscillator offers a convenient approximation to 
this average nuclear potential. In this case, the interaction of a nucleon with the 
mean field is represented by the potential, 
(2.1) 
where x, y and z are the Cartesian co-ordinates of a particle with mass min a 
co-ordinate system fixed in the nucleus. The three frequencies Wx, Wy and Wz are 
inversely proportional to the three orthogonal half-axes of the elipsoid and they 
describe the deformation of the potential and hence that of the nucleus. The 
single-particle levels of the oscillator potential may be described by the number 
of oscillator quanta in each of the three Cartesian directions (nx,ny,nz). 
For an axially symmetric potential, with the symmetry axis taken along the 
z-direction, the deformation can be described by two parameters w .L ( = Wx == 
wy) and Wz denoting the oscillator frequencies perpendicular and parallel to the 
symmetry axis respectively. Equation 2.1 may then be written, 
(2.2) 
Figure 2.1 shows the single-particle level scheme of the axially symmetric har-
monic oscillator as a function of quadrupole deformation ( € = E2) defined by 
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Figure 2.1: Single-particle level scheme of the axially symmetric harmonic oscil-
lator. Shell structure appears at certain deformations corresponding to integer 
ratios of w..L:wz. The appropriate magic numbers are indicated. 
c = (w..L- wz)/w0 where w0 = (1/3)(2w..L + Wz)· The levels have a degeneracy of 
2(n..L + 1), including spin degeneracy, and an energy, 
(2.3) 
where n..L (= nx + ny) and nz are the number of oscillator quanta perpen-
dicular and parallel to the symmetry axis respectively. For a spherical har-
monic oscillator potential (€ = 0), orbitals with the same number of quanta, 
Nq = n..L + nz = nx + ny + nz, are degenerate and shell gaps appear in the single-
particle level scheme to produce magic numbers. Single-particle configurations 
corresponding to completely filled shells are thus spherical and particularly sta-
ble. As the potential becomes deformed, the degeneracy present at c = 0 is lost. 
However, at certain deformations, where the ratio of the parameters describing 
the deformation (w..L:wz) are simple integers, a high degree of degeneracy is seen 
to return resulting in new shell gaps and hence new magic numbers. This is a 
general feature of the anisotropic (non axially symmetric) harmonic oscillator po-
tential (equation 2.1) in which shell structure appears whenever wx:wy:wz = a:b:c 
with a, b and c simple integers (in a Cartesian representation). 
Inclusion of spin-orbit (I.s) and angular momentum (12) dependent terms into 
the Hamiltonian modifies the single-particle levels to produce the Nilsson level 
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Wj_: Wz = 2:1 W1_: Wz = 3:1 
Iviagic Spherical Associated Iviagic Spherical Associated 
Numbers Magic Cluster Numbers Magic Cluster 
at 2:1 Numbers Configuration at 3:1 Numbers Configuration 
4 2+2 a-a 6 2+2+2 a-a-a 
10 8+2 160- a 12 2+8+2 a- 160- a 
16 8+8 160- 160 18 8+2+8 160 _a_ 160 
28 20+8 40Ca _ 160 24 8+8+8 160 - 160 - 160 
40 20+20 4oca- 4oca 36 8+20+8 160 _ 4oca _ 160 
Table 2.1: Relationship between magic numbers in the single-particle level scheme 
of the deformed harmonic oscillator and cluster configurations for prolate defor-
mations with Wj_:Wz = 2:1 and 3:1. The cluster configurations quoted are not 
necessarily unique (see text) [177]. 
scheme (166) which yields a reasonably accurate description of nuclear structure. 
However, for light nuclei with A < 40, these terms do not significantly affect the 
shell structure shown in figure 2.1. Furthermore, in these light nuclei, the effect 
of the Coulomb interaction is negligible and the single-particle energy levels are 
essentially isospin degenerate [86]. Each completely filled pair of proton and 
neutron levels with common quantum numbers may then be associated with a 
quartet of particles with spin and isospin coupled to zero, i.e. the constituents of 
an a-particle. 
For the axially symmetric oscillator, as shown in figure 2.1, the degeneracy 
of the single-particle levels is seen to be maximised when w1.:wz = 1:n or n:l. 
Continuing the discussion of Bengtsson et al [12], Rae [177] pointed out that 
for prolate deformations, the magic numbers associated with the n: 1 shell gaps 
are sums of n spherical magic numbers and suggested that clustering could be 
particularly important under these conditions. The cluster structures associated 
with the magic numbers at WJ.:Wz = 2:1 and 3:1 are listed in table 2.1. These 
results were developed further by an applictaion of group theory to the deformed 
harmonic oscillator [165] and suggest a description of the deformed harmonic 
oscillator potential at the Wj_:Wz = n:1 shell gaps in terms of n smaller overlapping 
spherical harmonic oscillator potentials. It is noted that the cluster assignments 
quoted in table 2.1 are not necessarily unique, since the magic numbers in the 
deformed oscillator level scheme may also be formed from sums of stable deformed 
configurations. TheN= Z = 12 shell gap at w1.:wz = 3:1, for example, which is 
associated in table 2.1 with an a-160-a configuration, may also be formed from 
two oblate 12C nuclei associated with theN= Z = 6 shell gap at w1.:wz = 1:2. 
Rae [177] also pointed out that for oblate deformations with w1.:wz = 1:2 and 
1:3 (not shown in figure 2.1), pairs and triplets of magic numbers sum to yield 
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spherical magic numbers respectively. This suggests that spherical magic nuclei 
should be able to split into deformed oblate configurations. 
2.1.2 Double Centre Harmonic Oscillator 
Shell gaps appearing in the single-particle level scheme of the harmonic oscillator 
for prolate deformations with W..L:Wz == n:1 (section 2.1.1) have led to descriptions 
in terms of n overlapping harmonic oscillator potentials. Such a description is 
embodied within the framework of the double centre harmonic oscillator [86, 114] 
which describes the gradual division of a single harmonic oscillator potential into 
two separate oscillator potentials and vice versa. Such two centre models provide 
an insight into the dynamic process of fusion in which the single-particle levels of 
the individual fragments must re-arrange themselves into single-particle levels of 
the fused system. The same arguments may be applied in reverse for a description 
of fission, i.e. breakup. 
The two potentials are defined to separate, or approach, along the z-axis such 
that only the number of oscillator quanta ( nz) along this axis may change. Since 
the number of oscillator quanta perpendicular to this direction ( n..L) remains fixed, 
the problem reduces to one dimension. For the case of two identical potentials 
centred at ±z0 and truncated at the origin, the potential (neglecting spin-orbit 
and angular momentum terms) acting on a particle of mass m is given by, 
(2.4) 
in a co-ordinate system with the origin taken as the centre-of-mass of the two 
potentials. The evolution of both the quantum numbers nz and the single-particle 
energy levels as a function of separation between the two spherical (i.e. Wx == Wy == 
wz) potentials is shown in figure 2.2 (86]. At small separations, the energy levels 
are those of a single harmonic oscillator potential while at large separations, the 
level scheme is that of two separate oscillator potentials with a different level 
spacing and degeneracy with respect to parity. At intermediate separations, the 
evolution of the single-particle levels results in a complex series of level crossings. 
This is a direct consequence of the Pauli principle which takes effect when the two 
initially separate potentials are brought together. As the potentials approach, the 
two levels in each of the separate fragments initially· with quantum numbers nz, 
must lose their degeneracy and in doing so produce levels with quantum numbers 
2nz and 2nz + 1 in the fused system. The fusion of two a-particles, for example, 
requires the promotion of four particles initially in the nz == 0 level of the separate 
potentials into the nz = 1level of the fused system thus forming the 8Be ground 
state configuration associated with an a-a cluster structure. In this case, the 
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Figure 2.2: Evolution of (a) the nz quantum numbers and (b) the single-particle 
energy levels as a function of the separation between two spherical harmonic 
oscillator potentials [86]. 
radial dimensions of the fused and initial potentials are more realistic if they are 
scaled according to the ratio ws88 :Wa = ａｚＯ Ｓ ＺａＡｾ Ｓ Ｘ •＠ This ratio is consistent with 
the level spacing in the 2:1 deformed harmonic oscillator and again demonstrates 
the close connection between clustering and the occurrence of shell structure in 
the single-particle level scheme at certain finite deformations. 
A generalisation of the double centre harmonic oscillator which implicitly 
incorporates the level crossings present in the two centre potential (figure 2.2) 
has been proposed by Harvey [110] and will be discussed in section 2.1.6. 
2.1.3 Nilsson-Strutinsky Calculations 
In section 1.1, two quite different phenomenological models of the ｮｾ｣ｬ･ｵｳ＠ were 
introduced which describe the collective and single-particle degrees of freedom 
respectively. The first of these, the Liquid Drop Model (LDM) [19], assumes the 
nucleons to be uniformly distributed within the nucleus and is thus able to repro-
duce the average behaviour of those nuclear properties, such as binding energy, 
that vary smoothly with nucleon number and deformation. However, experimen-
tal observations show that the binding energy vs mass curve fluctuates around 
the average behaviour predicted by the liquid drop model [182]. These fluctua-
tions are due to shell structure in the single-particle level scheme, as discussed 
in section 2.1.1, which results in an extra stability and hence a higher binding 
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energy per particle for magic nuclei, associated with completely filled shells, than 
for neighbouring nuclei. 
Phenomenological shell models [166, 182], on the other hand, are able to 
reproduce those nuclear properties involving only nucleons in the vicinity of the 
nuclear surface and explicitly take into account the shell effects discussed above. 
However, nuclear properties in which all nucleons contribute, such as the total 
binding energy, are not correctly reproduced by these models. 
Strutinsky [209] proposed a method allowing the qualities of both the liquid 
drop model and the phenomenological shell model to be reconciled. It was as-
sumed that the nuclear binding energy E may be decomposed into an average 
part ELDM given by the liquid drop model and a fluctuating part flE, known as 
the shell correction term, arising from shell effects, 
E = ELDM + flE (2.5) 
The shell correction term was evaluated entirely within the shell model by as-
suming a similar de-composition for the shell model binding energy Esh, 
(2.6) 
where Esh and flEsh are the smoothly varying and fluctuating components respec-
tively. It is the smoothly varying component Esh which is incorrectly predicted 
by the shell model while the fluctuating component is assumed to provide a good 
approximation to the true fluctuations in the binding energy which are lacking 
from the liquid drop model, i.e. flEsh ｾ＠ flE. Strutinsky [209] showed how the 
average part of the shell model energy Esh may be deduced, thus allowing the 
shell correction term flEsh and hence the total binding energy to be calculated, 
(2.7) 
It was shown in section 2.1.1 in relation to the deformed harmonic oscillator 
potential, that shell structure is not unique to spherical nuclei but also occurs 
for certain finite deformations of the nuclear potential. Thus, although stable 
liquid drops are always spherical, the Strutinsky averaged energy (equation 2. 7) 
may have a minimum at finite values of the deformation. 
The Strutinsky method has been used extensively to calculate the potential 
energy of nuclei as a function of various shape degrees of freedom. Leander and 
Larsson [139] have performed such calculations for all A = 4N nuclei from 12C to 
44Ti. The shell correction term was obtained from the single-particle level scheme 
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Potential Energy (MeV) 
for 24 Mg 
Figure 2.3: The potential energy surface of 24Mg obtained in the Nilsson-
Strutinsky calculations of Leander and Larsson [139] in which several local min-
ima are predicted. The prolate ground state is associated with the minimum at 
€ = 0.45, 'Y = 20°. Prolate configurations with € < 1 were also calculated for 
variation of the octupole ( €3 ) shape parameter. 
of the Nilsson model [166], based on the anisotropic harmonic oscillator potential 
(equation 2.1) with the inclusion of spin-orbit (l.s) and angular momentum (12 ) 
dependent terms. The macroscopic energy describing the average behaviour of 
the nuclei undergoing deformation was obtained from the liquid drop model [19] 
with a modified surface energy term 1. 
The results were presented in the form of potential energy surfaces as shown 
in figure 2.3 for the 24Mg nucleus in which the quantity plotted is the energy 
associated with the intrinsic shape of the nucleus when the nucleons occupy the 
lowest available orbitals. The triaxiality parameter 'Y describes the deviation of 
the nuclear shape from axial symmetry and is defined such that 'Y = oo and 
'Y = 60° correspond to axially symmetric prolate and oblate deformations respec-
tively. The quadrupole deformation is described by the parameter € ( = €2) which 
for axially symmetric deformations is defined by € = I w Ｌｾｷｺ＠ I, as in section 2.1.1. 
At each point in the €-'Y plane, the potential energy has been minimised with re-
spect to hexadecapole ( €4) deformation. Starting from axially symmetric prolate 
1This modification was included since for the light nuclei studied, a large fraction of the 
nucleons already lie near the nuclear surface even for spherical shapes. As the nucleus becomes 
deformed, the number of nucleons in the vicinity of the surface does not increase in proportion 
to the surface area as is implied by the standard liquid drop model [19]. 
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Potential Energy (MeV) 
for 28Si 
40 
Figure 2.4: The potential energy surface of 28Si obtained in the Nilsson-Strutinsky 
calculations of Leander and Larsson [139] in which several local minima are pre-
dicted. The oblate ground state is associated with the minimum at E = 0.49, 
'= 60°. 
shapes, the calculations were also extended to octupole ( c3 ) degrees of freedom 
describing reflection-asymmetric deformations. 
Several local minima are observed in the potential energy surface of figure 2.3 
at non zero deformations and correspond to stable or meta-stable intrinsic states 
of the 24 Mg nucleus. The prolate 24 Mg ground state is associated with the min-
imum at E = 0.45, r = 20°. For equipotentials near saddle points and minima, 
the altitudes above this ground state minimum are given in MeV. The octupole 
stabilised minimum at E = 1.0, c3 = 0.3, r = 0° corresponds to a 4p-4h or 20Ne+a 
configuration and is of particular interest for the present work. Fulton et al [97] 
have associated this minimum with the breakup states seen in the a-transfer re-
action 12C(2°Ne, 12 C 12C)8Be, which is expected to preferentially populate states 
in 24Mg with a 4p-4h character [6, 90]. Leddy et al [140] observed a close cor-
relation between states observed in the 12C(20 Ne, 12C 12C)8Be and 12C(24Mg, 12C 
12C) 12C reactions. This suggests that the breakup states observed in the latter 
reaction may also be associated with the reflection-asymmetric prolate minimum 
predicted by the Nilsson-Strutinsky calculations. These breakup states have fur-
ther been associated with the 12C+12C barrier resonances [62]. 
Chandra and Mosel [35] have performed similar Strutinsky-type calculations 
using a two centre mass-symmetric oscillator potential (equation 2.4) and a dif-
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ferent liquid drop surface energy term to that used by Leander and Larsson [139]. 
The relative orientation of the two 12C nuclei was found to play an important 
role in the determination of the interaction energy. For two oblate 12C nuclei 
approaching in a non axially symmetric configuration, i.e. edge to edge with 
symmetry axes parallel, a shoulder in the interaction potential was found to de-
velop at a separation of rv4.5 fm. This suggested that at this separation, the two 
interacting 12C nuclei may form a n1eta-stable molecular-type configuration. The 
shoulder was due to the re-arrangement of single-particle levels resulting from 
a virtual crossing of two levels in the p1; 2 and f7 ; 2 shells. For the non axially 
symmetric configuration this resulted in the promotion of four nucleons from the 
p1; 2 orbital (Nq = 1) into the f 7; 2 (Nq = 3) orbital forming a 4p-4h (p)-4 (fp) 4 
excitation2 from the 24Nig ground state. This configuration corresponded to the 
triaxial minimum at E = 1.26, 1 = 42° observed in the Nilsson-Strutinsky cal-
culations of Leander and Larsson [139]. Chandra and Mosel [35] associated this 
triaxial configuration, rather than the reflection-asymmetric minimum, with the 
molecular resonances observed in the 12C+12C system. 
Figure 2.4 shows the Nilsson-Strutinsky potential energy surface obtained 
by Leander and Larsson [139] for the 28Si nucleus. The oblate ground state is 
associated with the minimum at E = 0.49, 1 = 60°. A prolate minimum is 
observed at E = 0.45, 1 = oo and is separated from the ground state well by 
a low 3.5 MeV barrier. The harmonic oscillator configuration associated with 
this prolate minimum corresponds to a 24Mg+a structure or equivalently a 4p-4h 
excitation from the oblate ground state. If the results of the present experiment 
show that the 12C(24Mg,12C 160)8Be reaction proceeds dominantly via an a-
transfer mechanism, then it is possible that this reaction may be exciting states 
in this prolate well. 
A further discussion of these and the other deformed configurations in 24 Mg 
and 28Si predicted by the Nilsson-Strutinsky calculations will be given in sec-
tion 2.1.5 where these results are compared to those of other quite different the-
oretical models. 
2.1.4 Hartree-Fock Calculations 
In the phenomenological shell model [166, 182], a general form for the average 
nuclear potential V(i) is assumed (e.g. harmonic oscillator potential) with pa-
rameters such as the depth and width (or oscillator frequency) adjusted to fit 
experimental data. The single-particle Hamiltonian h(i) is constructed and the 
2In the shell model notation, the harmonic oscillator orbitals with Nq = 0, 1, 2, and 3 (where 
Nq = n:: + ny + nz is the total number of oscillator quanta) are referred to as the (s), (p), (sd) 
and (fp) shells respectively. 
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single-particle wave functions ¢k(i) obtained as a solution of the Schrodinger 
equation, 
(2.8) 
where angular momentum and Coulomb terms have not been included. The 
wave function I<I>) describing the nuclear state is given by the anti-symmetrised 
product, or Slater Determinant, of the single-particle wave functions, 
A 
<I>kl, ... ,kA (1, ... , A) = = J(¢kA II ¢k(i) (2.9) 
i=l 
where K¢k is a normalisation constant and A is the anti-symmetrisation opera-
tor which ensures that the wave function is anti-symmetric with respect to the 
exchange of the co-ordinates of any pair of nucleons. The nuclear wave functions 
I<I>) are eigenfunctions of the shell model Hamiltonian H which is given by the 
sum of the individual single-particle Hamiltonians hi, 
H<I>= [th;] <I>=E<I> 
t=l 
(2.10) 
where the energy eigenvalue E = Ek1 + ... + EkA corresponds to the total (binding) 
energy of the nuclear state. The lowest energy configuration at a given deforma-
tion is thus obtained when the lowest available single-particle levels are filled. 
The microscopic foundation of the shell model is brought out in the Hartree-
Fock approach [183] which allows the average nuclear potential to be constructed 
uniquely for each nuclear state from the two-body interactions of the individual 
nucleons. Since this average potential, V(i), which enters the Hamiltonian (equa-
tion 2.8) depends on the single-particle wave functions, i.e. on the solutions of 
the Schrodinger equations, the Hartree-Fock equations are non linear and must 
be solved by iteration using a set of trial wave functions, typically obtained from 
the phenomenological shell model, as starting points. A variational procedure 
is employed to determine the wave functions and the average potential which 
minimise the energy of the system, such that, 
8 [(<I> I HI <I>)] = 0 (<I> I <I>) (2.11) 
where I<I>) is a Slater determinant wave function describing the nuclear state. 
In this way, a self-consistent average potential is obtained which represents the 
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mean field felt by one nucleon through interactions with all other nucleons. In 
principle, such a mean field approach is only justified if there is a pronounced 
energy gap between the highest occupied single-particle level and the first empty 
level. The deformed Hartree-Fock potential is thus a good approximation for cases 
where new magic numbers develop in the single-particle level scheme at certain 
deformations, as discussed in section 2.1.1. In contrast to the binding energies 
predicted by the phenomenological shell model, the absolute values of which 
are incorrectly predicted as discussed in the previous section, binding energies 
predicted by Hartree-Fock calculations are expected to be in reasonably good 
agreement with experiment. 
Flocard et al [80] have performed such calculations for the 24 Mg nucleus. The 
inclusion of a cranking term in the nuclear Hamiltonian allowed the systematics 
of the rotational bands built on the single-particle configurations predicted by 
the calculations to be studied. In the cranking model [119], the energy E of a 
nucleus rotating with angular frequency w about a fixed axis, taken as the x-axis, 
is determined by minimising the energy in the rotating frame, 
8 [(<P I H- wJx I <P)] = O (<P I <P) (2.12) 
were Jx is the angular momentum operator and H is the nuclear Hamiltonian in 
the space fixed frame generally obtained from the sum of the kinetic energy, the 
nuclear interaction and the direct part of the Coulomb interaction. 
In the calculations of Flocard et al [80], the nucleon-nucleon interaction was 
taken to be the BKN interaction [21] and eigenfunctions of the rotating harmonic 
oscillator (RHO) [217] were used as starting points for the calculations. Spin 
and isospin symmetry was imposed on the nuclear wave functions such that for 
the doubly even N = Z nuclei studied, only a single spatial wave function was 
evolved for each occupied quartet of single-particle levels. The space of Slater 
determinants was further limited to those which are eigenfunctions of rotation 
(through the angle 1r) and inversion (with respect to the plane of rotation) op-
erators. In the labelling scheme adopted, bands built on structures with similar 
properties under these operations, but different binding energies, were denoted 
with the same letter but different numerical labels. 
Several of the stable structures and corresponding rotational bands predicted 
by the calculations are listed in table 2.2. The wave functions at Jx = 0 could be 
related to harmonic oscillator wave functions allowing the single-particle config-
urations given in table 2.2 to be obtained. These configurations are described by 
the occupied harmonic oscillator orbitals, characterised by the number of nodes 
(nx,ny,nz) in each of the Cartesian directions, which complement the 160 core. 
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I Band I Configuration I Jmax I Fission Nlode I 
A1(Ground) (002) 4 (101) 4 12 
B3 (200) 4 (002) 4 8 
D1(Prolate) (002) 4(003) 4 20 a-160-a 
E1(0blate) (010)-4 (101) 4 16 
(002) 4 (200) 4 
F1 (Thiaxial) (100)-4(003) 4 20 12C_12c 
(002) 4 (011)4 
Table 2.2: Harmonic oscillator configurations and maximum angular momenta 
(!max) for several of the stable configurations in 24Nlg predicted by the cranked 
Hartree-Fock calculations of Flocard et al [80]. The fission modes for the D1 and 
F1 configurations are also listed. 
Also listed in table 2.2 is the maximum angular momentum Jmax beyond which 
the nucleus becomes unstable and hence the band terminates [80]. The harmonic 
oscillator configuration for the ground state (A1) band is in agreement with that 
for the minimum at € = 0.45 ,1 = 20° obtained in the Nilsson-Strutinsky calcu-
lations of Leander and Larsson [139]. The oblate (E1) band similarly has a har-
monic oscillator configuration corresponding to the oblate minimum at E = 1.23, 
1 = 60° in the 24:Nig potential energy surface shown in figure 2.3. For the prolate 
(D1) and triaxial (F1) configurations predicted by the Hartree-Fock calculations, 
the single-particle densities defined by, 
A 
p(r) ］Ｈｾｉ＠ 2:8(r- xi) ｉｾＩ＠ (2.13) 
i=l 
where Xi denotes the spatial co-ordinates of the i-th particle, are shown in fig-
ure 2.5 projected onto the x-z and y-z planes. These were obtained at values of 
the angular momentum just prior to fission where the fission modes of these con-
figurations are a-160-a and 12C-12C respectively [80]. Despite the independent 
particle approach of the Hartree-Fock method, the cluster character of these con-
figurations is apparent. The harmonic oscillator configuration for the D1 (prolate) 
structure corresponds to the reflection-asymmetric minimum atE= 1.0, €3 = 0.3, 
1 = 0° in the Nilsson-Strutinsky potential energy surface of 24Mg. The mass-
asymmetry predicted by the latter is not observed in the single-particle density 
shown in figure 2.5(a) due to the symmetry constraints imposed in the Hartree-
Fock calculations (80]. This configuration has been associated [97, 177] with 
both the breakup states observed in the 12C(24Mg,12C 12C)12C reaction and the 
12C+12C barrier resonances. 
The harmonic oscillator configuration for the triaxial (F1) structure corre-
sponds to that of the triaxial minimum at E = 1.26, 1 = 42° in the Nilsson-
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Figure 2.5: Single-particle density contours for (a) the Dl (prolate) and (b) the 
Fl (triaxial) configurations in 24:Nig predicted by the cranked Hartree-Fock cal-
culations of Flocard et al [80]. 
Strutinsky calculations. This configuration was also observed in the two centre 
shell model calculations of Chandra and Mosel [35] who associated this configura-
tion, rather than the reflection-asymmetric prolate structure, with the 12C+12C 
resonances. The molecular configuration predicted by the two centre shell model 
calculations (35] corresponded to two oblate 12 C nuclei arranged edge to edge i.e. 
in a non axially symmetric configuration, with their symmetry axes parallel. This 
is in good qualitative agreement with the single-particle density predicted by the 
Hartree-Fock calculations as shown in figure 2.5(b). 
The collective properties of molecular configurations have been studied using 
the Time-Dependent Hartree-Fock (TDHF) method [21, 208, 215, 216]. In these 
calculations, the many-body wave function is described by a Slater determinant 
of single-particle wave functions ¢k ( i, t) which are solutions of the time dependent 
Schrodinger equation, 
(2.14) 
where hi(t) is the time-dependent single-particle Hamiltonian containing the self-
consistent Hartree-Fock mean field. The equations may be solved by a variational 
method such that, at any given time t, the deviation of the Slater determinant 
wave function I<I>(t)) from the exact solution of the many-body Schrodinger equa-
tion is minimised, or equivalently, 
8 [(g?(t) I iJift- H I 9?(t))l = 0 
(9?(t) I <I>(t)) (2.15) 
In section 1.2, the possible role of the 3-a chain configuration in the formation 
of the 12C+12 C barrier resonances was discussed. Inspired by this notion, Umar 
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Figure 2.6: Single-particle density contours in the collision plane for the 24Mg 
system starting from an initial 12C9s and excited 12C(o+) configuration as ob-
tained in the Time-Dependent Hartree-Fock (TDHF) calculations of Umar et al 
[215]. Different times exhibit the quasi-periodicity of the system. 
et al [215] performed Time-Dependent Hartree-Fock calculations in which head 
on collisions were initiated between a ground state 12C and an excited 12C(o+) 
configuration corresponding to a linear chain of three a-particles. The initial 
chain state configuration was obtained as a shape isomer from a solution of 
unconstrained Hartree-Fock equations. In these TDHF calculations, the BKN 
force [21] was again used for the effective nucleon-nucleon interaction and the 
initial energy of the colliding system was varied until a quasi-periodic solution 
was found. The evolution of the isoscalar density at various times is shown in 
figure 2.6 in which the quasi-periodic oscillation of the system, arising from a 
complicated matter flow, is observed. In this case, the 12C98 and excited 12C(o+) 
nuclei were initially 12 fm apart with a centre-of-mass kinematic energy of 7.5 
MeV. Starting from an initial 12C-a-a-a configuration, the system was found to 
pass through structures resembling a-160-a, 160-a-a and a-12C-a-a cluster con-
figurations. The time dependence of the isoscalar octupole moment was found to 
be regular, corresponding to a frequency of rv 1.5 MeV. The oscillating structure 
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shown in figure 2.6 was associated with an axially symmetric shape isomer of 
24 J\!Ig corresponding to the prolate (D1) configuration, with an apparent a-160-a 
structure, found in the cranked Hartree-Fock calculations of Flocard et al [80]. 
Further Hartree-Fock calculations [216] were performed to calculate the res-
onances built on the prolate shape isomer in 24Nig. In these calculations, the 
isomer was obtained as a solution of unconstrained Hartree-Fock equations which 
yielded a value of approximately 6.2 MeV-1 (/i2 /2I ｾ＠ 81 keV) for the moment of 
inertia. The time-dependent Hartree-Fock method was then employed with the 
system constrained to axial symmetry. The time-evolution of the nuclear radius 
showed nearly periodic oscillations with a characteristic frequency of rvl IvleV. 
The resonance energies of J = 0 states built on the isomeric ground state were 
thus found to be approximately equally spaced and consistent with harmonics 
corresponding to density vibrations along the symmetry axis. Assuming a de-
coupling of the vibrational and rotational motion, rotational bands built on the 
J = 0 band heads (using equation 1.3 with a value of 6.3 Me v-1 for the mo-
ment of inertia) gave a good fit to the barrier resonances in the 12C+12C system. 
Furthermore, the low frequency rv1- 1.5 MeV vibrational mode observed in the 
TDHF calculations [215, 216] was consistent with the value of ""1.5 :rvieV obtained 
by Erb and Bromley (73] from a vibrational-rotational model fit to the 12C+12C 
resonance data. These calculations thus strengthened the connection between the 
reflection-asymmetric prolate configuration and the 12C+12C barrier resonances. 
The 28Si nucleus has also been studied using Hartree-Fock techniques, though 
these studies have generally focused on the low-lying configurations [58, 63, 134]. 
In these calculations, two almost degenerate lowest energy solutions correspond-
ing to oblate and prolate deformations are found, in agreement with the Nilsson-
Strutinsky calculations of Leander and Larsson [139]. 
The structure of 28Si was studied by Curry and Sprung [58] who performed 
Hartree-Fock calculations for the lowest energy configurations in light A = 4N 
nuclei. The G-0 force [206] was used for the effective nucleon-nucleon interaction. 
The single-particle density profiles (equation 2.13) obtained for the low-lying 
prolate and oblate configurations in 28Si are shown in figure 2.7. Despite the in-
dependent particle approach of the calculations, a high level of clustering is again 
observed for both configurations. The authors noted that the prolate configura-
tion could be visualised as two tetrahedra of a-clusters with a common vertex, 
lined up symmetrically along the z-axis. This structure may thus be associated 
with an axially symmetric 12C-160 configuration. 
The oblate solution of the Hartree-Fock calculations has been associated with 
the 28Si ground state band [63] and corresponds to the minimum at € == 0.49, 
'Y = 60° in the Nilsson-Strutinsky potential energy surface of 28Si (139] shown 
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Figure 2.7: Single-particle density contours for (a) the prolate and (b) the oblate 
configurations in 28Si obtained in the Hartree-Fock calculations of Curry and 
Sprung [58]. 
in figure 2.4. Similarly, the prolate solution has been associated with the 6.69 
MeV (Ot) state in 28Si [63] and corresponds to the prolate minimum atE= 0.45, 
1 = 0°. In a study of the 25 Mg(a,n1) 28Si and 27 Al(p,{)28Si reactions, Glatz et 
al [103] identified members of the rotational band built on this prolate struc-
ture at 7.38 (2+), 9.16 (4+) and 11.51 MeV (6+). The 120-160 structure of this 
configuration suggests that higher members of this band may be populated in 
120+160 scattering. However, the band head energy of 6.69 MeV is inconsistent 
with an association of this prolate configuration with the molecular resonances 
observed in 120+160 scattering and reaction channels at energies near and above 
the Coulomb barrier, discussed in section 1.2, for which the band head energy 
occurs at ｲＭＮＮｾＲＶＮＸ＠ MeV excitation in 28Si. An association of this prolate configu-
ration with the 120+160 breakup states in 28Si is however less clear due to the 
lack of spin information. In the present work, spin information obtained from the 
angular correlations of the breakup fragments from the 12C(24Mg,l2C 160)8Be 
reaction may resolve this point. 
2.1.5 The Bloch-Brink Alpha Cluster Model 
Initially proposed by Margenau [147] in 1941 and later refined by Brink [27] (with 
acknowledgements to unpublished work by Bloch from 1952), the Bloch-Brink a-
cluster model (ACM) has been widely used to study clustering effects in light 
A = 4N nuclei. The model assumes that there exists a nuclear Hamiltonian H 
with two-body interactions, 
(2.16) 
where 1i is the kinetic energy operator of the i-th nucleon, v(ri-rj) and vc(ri-rj) 
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are the effective nucleon-nucleon interaction and Coulomb interaction respectively 
and Tern is the centre-of-mass kinetic energy operator. An A-particle nuclear state 
is constructed from N = iA a-cluster type orbitals each occupied by a quartet 
of particles comprising two protons and two neutrons with spin (and isospin) 
coupled to zero. The wave functions l¢i(r)) of the four particles in each quartet 
are taken to be Os states of harmonic oscillator potentials of a given frequency 
w centred at the points ｾＨｩ＠ = 1, .. , N) with respect to the overall origin of the 
nucleus, 
/1 [-(r- R)2] 
rPi (r) = V {;3;372 exp 2b2 (2.17) 
where b = C:w) ｾ＠ is the oscillator length parameter describing the size of the clus-
ters. The many-body wave function I<I>(R1 , R2 , ... , RN )) is obtained from the nor-
malised Slater determinant of the A = 4N single-particle wave functions ( equa-
tion 2.9). Since no average nuclear field is introduced the best wave functions 
are found using the variation principle (equation 2.11) with the cluster positions 
ｾ＠ and oscillator length b as variational parameters. The resulting wave func-
tions are in general neither parity nor angular momentum eigenstates requiring 
components with good quantum numbers to be projected out from the intrinsic 
state. If there is a tendency for a-clusters to form in the nuclear state then the 
oscillator length b becomes small and the wave functions provide an opportunity 
for describing this clustering. In the limit that the distance between clusters goes 
to zero, the a-cluster configurations reduce to the leading shell model term of 
a single harmonic oscillator potential. Taking this limit then allows the leading 
harmonic oscillator configuration to be determined for any cluster configuration 
predicted by the model. 
Marsh and Rae [150] have applied the Bloch-Brink a-cluster model to the 
study of positive parity states in 24Mg. In these calculations, the Brink-Boeker 
B1 nucleon-nucleon interaction [28] was used, due its ability to reproduce r.m.s. 
radii in agreement with experiment. By performing a grid search on parameters 
reflecting the overall shape of the nucleus, several local minima including a lin-
ear 6-a chain were identified in the total energy surface. Introducing an angular 
momentum (cranking [33]) term into the nuclear Hamiltonian allowed these lo-
cal minima to be tracked as a function of rotational frequency with a complete 
variation of all parameters performed at each stage. 
The configurations and associated rotational bands predicted by the clus-
ter model were found to be in quantitative agreement with the Hartree-Fock 
calculations of Flocard et al [80] and were thus labelled according to the same 
notation (section 2.1.4). The single-particle densities (equation 2.13) for the 
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Figure 2.8: Single-particle densities for the seven stable configurations in 24 Mg 
predicted by the a-cluster model calculations of Marsh and Rae [150], projected 
along each spatial direction. The structures correspond to the (a) A1, (b) X1, 
(c) B3, (d) E1, (e) D1, (f) F1 and (g) chain configurations. 
seven configurations in 24 Mg predicted by the a-cluster model calculations are 
shown in figure 2.8. The leading harmonic oscillator (i.e. shell model) single-
particle configurations and the maximum angular momenta Jmax beyond which 
the configurations are unstable are listed in table 2.3. Based on the harmonic 
oscillator assignments and the deformations, several of these configurations were 
associated with minima in the potential energy surface of 24 Mg obtained in the 
Nilsson-Strutinsky calculations of Leander and Larsson [139]. A comparison of 
the predictions of both calculations is given in table 2.3 where the notations (Nq)P 
or (Nq)-h for the latter imply that there are p particles or h holes in levels domi-
nated by components with Nq oscillator quanta, which complement the 160 core. 
Figure 2.9 shows the Nilsson-Strutinsky potential energy surface of 24 Mg [139] 
and the corresponding configurations predicted by the a-cluster model calcula-
tions (150]. The close correspondence between the two models suggested that the 
shell gaps appearing in the deformed harmonic oscillator potential, which dom-
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ACivi Calculations NS Calculations 
Band head Jmax Single-particle (€,{) Single-particle Wx:Wy:Wz 
(li) Configuration Configuration 
24 Mg(A1) 9.4 (002) 4 (101) 4 (0.45, 20°) (2)8 4:3:2 
24IVIg(X1) 7.2 (002) 4 (011) 4 (0.45, 20°) (2)8 4:3:2 
24Ivlg(B3) 8.2 (002)4(020)4 
24Mg(Dl) 15.4 (002)4(003)4 (1.0, 0°) (2)4(3)4 
24Mg(Fl) 18.3 (100)-4(002)4 (1.26, 42°) (1)-4(2)8(3)4 5:2:1 
(011 )4(003) 4 
24 Ivlg(E1) 11.0 (o1o)-4 (I01)4 (1.23, 60°) (1)-4(2)12 3:1:1 
(002)4(200)4 
24 IVIg (Chain) 29.1 (o1o)-4(Ioo)-4 (1.25, 0°) (1)-8(2)4 6:6:1 
(002) 4 (003) 4 (3)4( 4)4(5)4 
(004)4(005) 4 
Table 2.3: Comparison between the predictions of the Bloch-Brink Alpha-Cluster-
Model (ACIVI) calculations of Marsh and Rae [150] and the Nilsson-Strutinsky 
(NS) calculations of Leander and Larsson [139] for 24Mg. 
inate the minima in the Nilsson-Strutinsky calculations, are also responsible for 
the stability of the cluster configurations. 
The AI, Xl and B3 configurations were associated (150] with the ground and 
low-lying bands in 24Mg corresponding to the ground state well at E = 0.45, 
1 = 20° in the Nilsson-Strutinsky potential energy surface. The (D1) prolate 
configuration was associated with the reflection-asymmetric minimum atE= 1.0, 
t:3 = 0.3, 1 = oo. The single-particle density for this configuration shown in 
figure 2.8(e) was remarkably similar to that obtained in the Hartree-Fock cal-
culations of Flocard et al [80] and again corresponded to a pronounced a-160-a 
cluster structure. The shell model configuration and deformation are associ-
ated with the N = Z = 6 shell gap in the pure harmonic oscillator potential 
at WJ..:Wz = 3:1 (figure 2.1). The large octupole (E3) deformation predicted by 
the Nilsson-Strutinsky calculations suggested that this configuration may bear 
more resemblance to an 160-a-a structure rather than a-160-a. In the cluster 
model calculations [150], the D1 (prolate) configuration could be approximately 
described by three a-particles on the z-axis and three a-particles arranged in an 
equilateral triangle in the x-y plane. Figure 2.10 shows the total energy surface 
for this configuration as a function of separation between the centres-of-mass of 
the three a-particles on the z-axis and those in the x-y plane. The two curves 
correspond to (a) keeping the positions of the three a-particles on the z-axis fixed 
relative to each other and (b) allowing the relative positions to relax. For large 
separations of the centres-of-mass, the lowest energy configuration was found to 
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Figure 2.9: Association of the configurations predicted by the a-cluster model 
calculations of Marsh and Rae [150] with minima in the potential energy surface 
of 24Mg obtained in the Nilsson-Strutinsky calculations of Leander and Larsson 
[139]. 
correspond more to a 160-8Be structure rather than a structure involving the 
3-a linear chain configuration as had been suggested by the Time-Dependent 
Hartree-Fock calculations of Umar et al [215]. For small separations the differ-
ence in total energy between these structures was insignificant and both curves 
were found to be shallow indicating the vibrational energy of this mode to be 
low. An approximate value of I"'Vl.5 MeV was deduced for the vibrational quan-
tum [150] in agreement with both the Hartree-Fock calculations (section 2.1.4) 
and the vibrational-rotational model fit to the 12C+12C resonance data near the 
Coulomb barrier [73]. Furthermore, the cluster model calculations predicted a 
value of 1i2 /2I = 94 ke V for the rotational parameter of the band built on this 
configuration, in reasonable agreement with the value of 76 keY observed exper-
imentally [73]. This configuration is thus assigned [150] to the 12C+12C barrier 
resonances for which strong 8Be [79, 222] and 2-a [141] decay modes and a vibra-
tional spectrum are observed. 
Curtis et al [62] have shown that both the 12C(24Mg,l2C 12C)l2C breakup 
reaction and the 12C+12 C barrier resonances appear to be populating the same 
states in 24 Mg. These breakup states are thus also assigned to the reflection-
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Figure 2.10: The total energy of the D1 (prolate) configuration in 24Mg as a 
function of the separation between the centres-of-mass of the three a-particles 
along the z-axis and those in the x-y plane [150] . The two curves correspond to 
(a) keeping the relative positions of the three a-particles on the z-axis fixed and 
(b) allowing these positions to relax. 
asymmetric minimum observed in the Nilsson-Strutinsky calculations [139] and 
the prolate (D1) configuration predicted by the a-cluster model (150] and Hartree-
Fock calculations [80, 215]. However, the mechanism by which these breakup 
states are populated in the 12C(24Mg,12C 12C) 12C reaction is still not clear. It 
was one of the aims of the present experiment to study this reaction mechanism. 
The F1 (triaxial) configuration predicted by the cluster model calculations 
(figure 2.8(f)) is associated with the minimum atE= 1.26, 'Y = 42° in the 24Mg 
potential energy surface, as shown in figure 2.9 and table 2.3. This configuration 
was assigned (150] to resonances observed in 12C+12C inelastic scattering [48, 130] 
at energies well above the Coulomb barrier. Both the experimental moment of 
inertia and binding energy (i.e. band head), relative to the 12C+12C threshold, 
for these resonances were well reproduced by the calculations [150]. The single-
particle density for this configuration shown in figure 2.8(f) also suggested that 
these resonances should involve 12C nuclei whose symmetry axes are aligned. This 
was in agreement with experimental observation [130] and with the predictions 
of the two centre shell model [35] and Hartree-Fock [80] calculations. 
The 6-a linear chain configuration corresponds to the minimum at E = 1. 25, 
'Y = 0° in the 24Mg potential energy surface. No convincing experimental evidence 
for such a highly deformed configuration in 24Mg has been found [36]. 
Zhang et al [230, 231] have extended the Bloch-Brink a-cluster model calcula-
tions to all A= 4N nuclei from 12C to 44Ti. In 28Si, four stable three-dimensional 
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Figure 2.11: Single-particle densities for the stable configurations in 28Si with 
three-dimensional (prolate, oblate, 4:1 and triaxial) and two-dimensional (labelled 
(a), (b) and (c)) structure. as predicted by the a-cluster model calculations of 
Zhang et al [230, 231]. 
configurations were identified corresponding to prolate, oblate, triaxial and a 4:1 
axially deformed structure. Three stable two-dimensional configurations denoted 
(a), (b) and (c) were also predicted. The single-particle densities for these config-
urations are shown in figure 2.11. The leading harmonic oscillator configurations 
and maximum angular momenta Jmax for the bands built on these configurations 
are given in table 2.4. On the basis of the harmonic oscillator assignments and 
deformations, several of the configurations predicted by these calculations may 
be associated (table 2.4) with minima in the 28Si potential energy surface ob-
tained in the Nilsson-Strutinsky calculations of Leander and Larsson [139]. This 
association is illustrated in figure 2.12 for the three-dimensional configurations. 
The oblate structure is associated with the experimental ground state band 
and corresponds to the minimum at f = 0.49, 1 = 60° in the potential energy 
surface of 28Si. The single-particle density for this configuration as obtained 
in the a-cluster model calculations (figure 2.11) is similar to that obtained in 
the Hartree-Fock calculations [58] shown in figure 2. 7. The harmonic oscillator 
configuration for this oblate configuration corresponds to the shell gap for N = 
Z = 14 at w.L:Wz = 1:2 in the pure harmonic oscillator (figure 2.1). This was 
not however the lowest energy configuration predicted by the a-cluster model 
calculations where the prolate configuration was found to be lower in energy. 
This reversal of ordering was due to the use of the B1 nucleon-nucleon interaction 
CHAPTER 2. THEORETICAL CONSIDERATI01VS 55 
ACivi Calculations NS Calculations 
Band head Jmax Single-particle (E,I) Single-particle Wx:Wy:Wz 
(!i) Configuration Configuration 
28Si(Prolate) 14.9 (002) 4 (011) 4 (0.45, 0°) (2) l:l 3:3:2 
(101)4 
28Si(Oblate) 12.3 (002)4(011) 4 (0.49, 60°) (2)12 2 : 1 : 1 
(020) 4 
28Si (Triaxial) 13.9 (002)4(011)4 
(003)4 
28Si( 4:1) 30.0 (002) 4(003) 4 (1.0, 0°) (2)4(3)4( 4)4 
(004)4 
28Si( a) 17.7 (1)-4 (02)4 (1.35, 60°) (1)-4(2)12(3)4 
(11)4(20)4(12)4 
28Si(b) 20.9 (1)-4(02)4 
(11)4(03)4(12)4 
28Si( c) 17.9 (1)-4(02)4 (1.35, 60°) (1)-4(2)12(3)4 
(11 )4(20)4(03)4 
Table 2.4: Comparison between the predictions of the Bloch-Brink Alpha-Cluster-
Model (ACM) calculations of Zhang et al [230, 231] and the Nilsson-Strutinsky 
(NS) calculations of Leander and Larsson [139] for 28Si. 
[28] which was found to systematically underbind the structures predicted by the 
calculations. The underbinding for prolate structures was found to be greater 
than for oblate structures. 
The prolate configuration is associated with the minimum atE= 0.45, 1 = oo 
in the 28Si potential energy surface. The cluster configuration has axial symmetry 
and a 12C9s+160 9s structure and corresponds to the low-lying prolate configu-
ration predicted by the Hartree-Fock calculations [58, 63, 134] where a similar 
single-particle density and a-cluster structure was predicted. 
The 4:1 configuration is associated with the octupole stabilised minimum at 
E = 1.0, E3 = 0.3, 1 = oo in the 28Si potential energy surface. The harmonic 
oscillator configuration corresponds to the N = Z = 14 shell gap at w1.:wz = 
4:1 in the pure harmonic oscillator and an a-160-a-a cluster structure. The 
similarity between this configuration and the reflection-asymmetric prolate (Dl) 
configuration predicted in 24Mg (with an apparent 160-a-a cluster structure) 
suggests that both configurations should have similar properties. Mixing of the 
3-a chain into the 12C ground state [211] may again form the mechanism allowing 
the 4:1 configuration to be populated via the 12C+160 entrance channel. This 
configuration may thus be populated in 120+160 inelastic scattering leading to 
members of the rotational band in 160 built on the 6.05 MeV (Ot) state [127, 199] 
with an apparent 12C-a cluster structure. 
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The triaxial configuration predicted by the a-cluster model calculations does 
not correspond to any of the minima in the Nilsson-Strutinsky potential energy 
surface of 28Si. However, the single-particle configuration has a 4p-4h (sd) 8 (fp) 4 
or equivalently 24Mg+a character and this configuration is thus expected to be 
populated in a-transfer reactions. It may also decay into the 12C95+160 95 chan-
nel with the symmetry axis of the oblate 12C9s aligned perpendicular to the line 
joining the centres of the two fragments. Ragnarsson and Aberg [180] have con-
sidered this (sd)8 (fp) 4 single-particle configuration in 28Si within the framework 
of the rotating harmonic oscillator. The rotational band built on this configura-
tion was predicted to lie several l\IIe V above the low-lying prolate band. The lack 
of a corresponding minimum in the Nilsson-Strutinsky potential energy surface 
was attributed to the large signature splitting of the lowest fp shell orbitals which 
make it energetically more expensive to put four rather than two (unequal) par-
ticles into the fp shell. The band associated with the (sd)8 (fp) 4 single-particle 
configuration is this expected to lie at a somewhat higher excitation energy while 
an excited prolate band with an (sd) 10 (fp)2 single-particle configuration was pre-
dicted at a lower energy. The triaxial (sd)8(fp)4 configuration predicted by the 
a-cluster model [231] and rotating harmonic oscillator (180] may be populated in 
12C+160 elastic scattering and suggests a possible association with the 12C+160 
scattering resonances observed near and above the Coulomb barrier for which 
strong a-decay modes leading to the ground and low-lying states in 24Mg are 
observed [25, 108, 204]. 
The triaxial minimum in the Nilsson-Strutinsky potential energy surface of 
28Si [139] at E = 1.32, 1 = 35° (which does not correspond to the triaxial con-
figuration predicted by the a-cluster model calculations [231]) may be associated 
with a co-planar harmonic oscillator configuration [177], i.e. all of the oscillator 
quanta lie in only two directions. The (1)-4 (2)8 (3) 4 ( 4)4 single-particle configura-
tion [139] does not correspond to any of the structures predicted by the a-cluster 
model calculations [230, 231]. It is expected to decay into 12C95 and the excited 
12C-a configuration in 160 with the symmetry axes of the oblate 12C aligned [177]. 
The two-dimensional a-cluster configurations (a) and (c) have similar wave 
functions to the highly deformed oblate minimum at E = 1.35, 1 = 60° in the 
Nilsson-Strutinsky calculations. Both of these possible associations are given in 
table 2.4. There is at present no compelling evidence for such two dimensional 
cluster structures in 28Si [106, 128, 177]. 
The results of Zhang et al [230, 231] for the low-lying oblate and prolate 
configurations were in general agreement with previous calculations by Bauhoff, 
Schultheis and Schultheis (8, 9, 198] who applied the Bloch-Brink a-cluster model 
to the study of low-lying states in 28Si. These authors have also proposed that 
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Figure 2.12: Association of the configurations predicted by the a-cluster model 
calculations of Zhang et al (230, 231] with minima in the potential energy surface 
of 28Si obtained in the Nilsson-Strutinsky calculations of Leander and Larsson 
[139]. 
this prolate configuration with 12C95+160 95 structure is associated with the ex-
perimental band [103] built on the 6.69 MeV (Oj) level in 28Si. The oblate config-
uration was again assigned to the experimental 28Si ground state band. Using the 
Brink-Boeker C1 nucleon-nucleon interaction (28] and performing exact angular 
momentum projection before variation (as opposed to using the cranking model 
as in the work of Zhang et al (230, 231]), Bauhoff et al [9] calculated the bands 
built on these oblate and prolate configurations. The calculated band head ener-
gies were in good agreement with experiment although the calculated moments of 
inertia were too small and too large for the oblate and prolate bands respectively, 
a result which reflected the choice of interaction used. After re-adjusting the cal-
culated levels to the experimental levels [103], new members of the prolate band 
were predicted at ""'15.5 (8+) and ""'20.0 MeV (10+). The rotational bands built 
on the prolate and oblate configurations were predicted to cross between J = 8 
and 101i. These calculations supported the interpretation of the resonances ob-
served in 12C+160 radiative capture leading to members of the prolate band in 
28Si [4 7], which are thought to represent Giant Dipole Resonances built on this 
axially-symmetric prolate configuration (section 1.3). 
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2.1.6 The Harvey Model 
Harvey [110] proposed a simplified schematic model of the fission and fusion pro-
cesses based on harmonic oscillator wave functions. The double centre harmonic 
oscillator, discussed in section 2.1.2, satisfies the two boundary conditions of the 
fission and fusion processes, 
(1) At zero separation between the fragments, the single-particle level scheme 
of the fused system is reproduced. 
(2) At large separations, the proper continuation of this level scheme into that 
of the two separate fragments is achieved. 
In the Harvey model, only these two boundary conditions need to be considered. 
As in the double centre harmonic oscillator [86, 114], the nuclei are assumed to 
approach or separate along the z-axis such that only the number of oscillator 
quanta nz along this direction may change. The number of quanta nx ( ny) along 
the x(y) directions remains unchanged and the problem may be treated one-
dimensionally. These requirements impose restrictions on the harmonic oscillator 
configurations that may be formed in the fused system from the initial configu-
rations of the fragments, and vice versa. Mosel [157] has pointed out that the 
crossings of single-particle levels observed in two centre shell model calculations 
(such as the double centre harmonic oscillator previously discussed) are a general 
consequence of the Pauli principle and do not depend on a specific model. The 
Harvey model, in considering only the two boundary conditions, thus contains all 
the information on these level crossings which are incorporated into the more com-
plex models. Although the model has proved useful in predicting which breakup 
channels are allowed and which are hindered, the indication of allowed channels 
does not immediately imply that large scale cluster structures exist within the 
resonant nucleus as this must be tested experimentally. Furthermore, the relative 
strengths of different decay channels are not predicted by the model. 
Figure 2.13 illustrates the single-particle harmonic oscillator configurations for 
(a) the prolate ground state, (b) the reflection-asymmetric prolate (D1) structure 
and (c) the triaxial (F1) structure in 24Mg as identified in Hartree-Fock [80], 
Nilsson-Strutinsky [139] and a-cluster model [150] calculations. These configura-
tions have a four-fold symmetry where each of the occupied harmonic oscillator 
orbitals contains two protons and two neutrons with spin (and isospin) coupled to 
zero. All three configurations shown in figure 2.13 are allowed to decay into two 
oblate 12C ground state nuclei with their symmetry axes aligned in three differ-
ent relative orientations. The dotted lines indicate the movement of the quanta 
during the breakup process. The orientation in space of the oblate 12C fragments 
· . .. ｾＮ＠
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Figure 2.13: Harvey model description of the 120+120 decay of various config-
urations in 24Mg identified in Hartree-Fock [80], Nilsson-Strutinsky [139] and a-
cluster model [150] calculations and summarised in table 2.3. The harmonic oscil-
lator orbitals are labelled according to the number of oscillator quanta (nx,ny,nz) 
in each of the Cartesian directions. Decay into two ground state 120 nuclei is al-
lowed from (a) the ground state, (b) the (D 1) reflection-asymmetric prolate and 
(c) the (F1) triaxial configurations. The (nx,ny,nz) values for the 12C fragments 
imply the relative orientations as shown. 
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is given by the occupied harmonic oscillator orbitals described by the number of 
oscillator quanta (nx,ny,nz) along each of the three Cartesian directions. The two 
occupied Nq = 1 orbitals in the 12C fragments must be the two shallower wells, 
i.e. have the larger oscillator length, such that the symmetry axis is the remain-
ing direction. The fourth possible orientation allowed for the two 12C98 nuclei is 
with their symmetry axes aligned parallel to the line joining their centres. How-
ever, this corresponds to a 24Mg nucleus with a (101)4 (110) 4 harmonic oscillator 
configuration which has not been identified in any of the calculations discussed 
earlier. It is noted that the ordering of the harmonic oscillator levels shown in 
figure 2.13 corresponds to that of a spherical oscillator. However, as discussed in 
section 2.1.1 this ordering will depend on the deformation of the potential. The 
prolate (D1) configuration for example, is magic with a deformation of w1.:wz = 
3:1. At this deformation, the size parameter for the z-oscillator is three times the 
perpendicular size parameter and, for example, the (003) single-particle level is 
lowered to the energy of the (100) and (010) levels. 
The Harvey model prediction that the 24 Mg ground state may be described 
in terms of two overlapping 12C98 nuclei is consistent with the electron scattering 
[194] and 12C+12C radiative capture (164] results discussed in chapter 1 which 
have suggested such a description. However, this connection is only valid if the 
excitation process or the radiative decay process does not appreciably change 
the cluster structure. Fulton and Rae (95] have shown ·that this condition is 
satisfied by Giant Resonance excitations based on the ground state. Thus, if the 
24Mg ground state may be described by a 12C+12C cluster structure then the 
excitation to high-lying fragments of the GQR preserves this cluster structure 
and allows this 2+ state in 24Mg to decay into two 12C9s nuclei. 
The 12C+12C decay of the excited triaxial (F1) configuration in 24Mg asso-
ciated with resonances observed in 12C+12C inelastic scattering is shown in fig-
ure 2.13(c). The Harvey model prediction that this configuration decays into two 
12C nuclei with their symmetry axes aligned is consistent both with experiment 
and the predictions of various theoretical models discussed earlier. The formation 
of this configuration following the excitation of four particles from the p shell to 
the fp shell (i.e. from the (001) harmonic oscillator orbital of the fragment to the 
(003) orbital of the fused system) predicted by the Harvey model is in agreement 
with the prediction of the more sophisticated two centre shell model calculations 
of Chandra and Mosel [35]. 
The harmonic oscillator configuration for the reflection-asymmetric prolate 
(D1) structure assigned to the 12C+12C barrier resonances and the breakup states 
observed via the 12C(24Mg,12C 12C) 12C reaction is shown in figure 2.13(b). This 
configuration may be formed by the addition of four particles to the 20Ne ground 
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Figure 2.14: Harvey model description of the formation and subsequent decay 
of the hyperdeformed (3:1) resonance in 36 Ar which was proposed by Rae and 
Merchant [178] to play a role in the 12C(24Mg,12 C 12C) 12C reaction mechanism. 
state ( (002) 4 ) configuration and is thus also assigned to the states populated in the 
12C(2°Ne,l2C 12 C)8Be reaction [97]. The 160+8Be decay of this configuration is 
described within the Harvey 1vlodel by the movement of the two quartets originally 
in the (002) and (003) levels to the (000) and (001) levels of the 8Be ground state 
thus leaving a closed shell 160 98 configuration. 
Rae and Merchant [178] have proposed that the 12C(24Mg,12C 12 C) 12C reac-
tion at a beam energy of 170 MeV proceeds through a resonance in 36 Ar associ-
ated with a hyperdeformed 160-160-a cluster configuration corresponding to the 
N = Z = 18 shell gap in the pure harmonic oscillator level scheme at W..L:wz 
= 3:1. Within the Harvey model this resonance may equivalently be described 
by a 12C-12C-12C linear chain configuration with the symmetry axes of the three 
12C nuclei aligned along three mutually perpendicular directions. The configu-
ration is shown in the centre of figure 2.14 and can be broken into 160+160+a 
by moving the three Nq = 2 quartets to Nq = 1 and the Nq = 3 and Nq = 4 
quartets to Nq = 0. Figure 2.14 illustrates the Harvey model description for the 
formation of this resonance from the 241vlg98 + 12C93 entrance channel and its sub-
sequent decay into the reflection-asymmetric prolate (D1) configuration in 24Mg 
and a ground state 12C. It is clear that this hyperdeformed resonance cannot be 
formed via the 24Mg+7Li or 24Mg+9Be entrance channels, which will be described 
in the present work. The 24Mg98+160 9 s entrance channel may form a similar res-
onance in 4°Ca with a (002) 4 (011)4 (101) 4 (003)4 (012) 4 (004) 4 harmonic oscillator 
configuration which has also been predicted by a-cluster model calculations [231] 
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(relative to 36 Ar(3:1), this has an extra (012) 4 quartet). However, the subsequent 
decay of this resonance into the prolate (D1) configuration of 24 !vlg and a ground 
state 160 nucleus is forbidden by the Harvey model since the quartet in the (012) 
orbital of the resonance cannot move to the (001) orbital of the recoiling 160. A 
strong yield from the 160e41vlg, 12C 12C) 160 reaction would therefore suggest that 
the dominant mechanism for formation of the reflection-asymmetric prolate (D 1) 
configuration in 241vlg with the 12C target does not involve the hyperdeformed 
( 3: 1) resonance in 36 Ar. 
Figure 2.15 shows the harmonic oscillator configurations for (a) the oblate 
ground state, (b) the prolate (sd)12 structure and (c) the triaxial (sd) 8 (fp) 4 struc-
ture in 28Si identified in the Hartree-Fock (58], Nilsson-Strutinsky [139] and a-
cluster model [231] calculations. The triaxial configuration discussed here is that 
predicted by the a-cluster 1nodel calculations [231] which was not identified in the 
Nilsson-Strutinsky potential energy surface (139] (as discussed in section 2.1.5). 
The 120 98+160 98 decay of the oblate ground state is forbidden since the quar-
tet in the (020) orbital cannot evolve into the (100) or (001) orbital in the 160 
fragment. The 160 fragment is thus left in an excited 4p-4h configuration. This 
is consistent with the results of the 12C+160 radiative capture experiments dis-
cussed in chapter 1 where only a small cross section for radiative decay to the 28Si 
ground state was observed [194]. Similarly, a low cross section for the 12C(28Si,12C 
160) 12C breakup reaction has been measured [14], also suggesting little overlap 
of the 28Si ground state with a 12C98+160 98 cluster structure. 
In contrast to the oblate ground state of 28Si, both the prolate (sd) 12 and triax-
ial (sd) 8 (fp)4 configurations may decay into the 12C9s+160 98 channel as illustrated 
in figures 2.15(b) and (c) respectively. FUrthermore, both of these configurations 
may be formed by the addition of four particles (i.e. an a-particle) to the 24!vlg 
ground state configuration and both are thus expected to be populated in a-
transfer reactions. Which of these two configurations is populated then depends 
on whether the four particles are added to the (101) or (003) harmonic oscillator 
levels. 
If it is shown that the 12C(24Mg,12C 160)8Be reaction proceeds dominantly 
via a direct a-transfer mechanism then both of these configurations may be pop-
ulated. The prolate (sd) 12 configuration has been assigned [8, 9, 63, 198] to the 
experimental band built on the 6.69 MeV (Ot) state in 28Si [103]. The triaxial 
(sd)8 (fp) 4 configuration predicted by the a-cluster model calculations [231] and 
the rotating harmonic oscillator [180] is thus the best candidate for association 
with the molecular resonances observed in 12C+160 scattering and reaction chan-
nels at energies near and above the Coulomb barrier. A measurement of the spins 
of the breakup states populated in the 12C(24Mg,12C 160) 8Be reaction may iden-
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Figure 2.15: Harvey model description of the 12C+160 decay of various configura-
tions in 28Si identified in Hartree-Fock [58], Nilsson-Strutinsky [139) and a-cluster 
model (231] calculations. (a) The 120 95+160 95 decay of the oblate ground state 
is forbidden and the allowed decay leaves the 160 fragment in an excited 4p-4h 
configuration, (b) the prolate (sd) 12 and (c) the triaxial (sd)8 (fp) 4 configurations 
are allowed to decay into the 12C9s+160 9s channel. 
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tify which of these cluster configurations is being populated in this reaction. The 
data may also allow a comparison between these breakup states and the 12C+ 160 
heavy ion resonances. 
2.2 Reaction Kinematics 
In this section, the technique of Resonant Particle Spectroscopy, as employed in 
the present work, and the reaction kinematics involved in the reconstruction of a 
sequential breakup reaction are discussed. 
2.2.1 Resonant Particle Spectroscopy 
The technique of Resonant Particle Spectroscopy (RPS) was initially proposed 
by Robson [185] and later developed by Rae [175] and co-workers to enable the 
full kinematic reconstruction of a nuclear reaction. The technique is particularly 
suited to the study of sequential breakup reactions where the resonant (projectile-
like) nucleus is formed in particle unbound states which subsequently decay into 
two lighter fragments. Coincident detection of these fragments allows the momen-
tum and energy of the undetected recoil (target-like) nucleus to be determined 
from conservation laws and a complete kinematic reconstruction of the event is 
achieved. Furthermore, the use of inverse kinematics in which a heavy beam 
is scattered from a lighter mass target results in a high centre-of-mass momen-
tum and a kinematic focusing of the breakup fragments into a narrow cone in 
the laboratory. Placing detectors in this forward focussed cone ensures that a 
large fraction of the 47f centre-of-mass solid angle is covered and a high detec-
tion efficiency achieved. The technique permits a range of scattering angles and 
excitation energies to be studied at a single beam energy, with efficiency profiles 
determined by the energy thresholds and solid angles subtended by the detectors. 
In addition, the large amount of angular momentum carried into the reaction by 
the heavy beam enables high spin states to be populated in the resonant nucleus. 
The angles and velocity vectors involved in the analysis of a sequential breakup 
reaction are illustrated schematically in figure 2.16. The reaction has the form, 
a(A, B* --t C + c)b where B* is the resonant (projectile-like) nucleus of interest 
which decays into the lighter fragments C and c. The centre-of-mass scattering 
angle of the resonant nucleus is denoted by 0* and the angle between the relative 
velocity vector of the breakup fragments (V1·el) and the beam axis is denoted 
by ¢. The azimuthal components of these angles are represented by ¢* and x 
respectively. The laboratory opening angle between the velocity vectors of the 
breakup fragments is denoted by 012. 
Once the detected fragments have been identified, their momentum vectors 
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c 
A 
Figure 2.16: Definition of the angles and velocity vectors involved in the analysis 
of a sequential breakup reaction. The zenith angles B* and 'lj; are shown together 
with their azimuthal components ¢* and x in brackets. 
may be evaluated from their measured energies and angles. Assuming a three-
body final state in which the undetected mass corresponds to a single recoil 
nucleus, conservation of linear momentum between the incident beam Pbeam and 
that of the detected fragments p 1 and P2 uniquely defines the momentum Precoil 
of the undetected particle according to the vector relation, 
Pbeam = Pl + P2 + Precoil (2.18) 
allowing the energy Erecoil of the recoil nucleus to be calculated, 
E I Precoil 1
2 
recoil = 2 mrecoil 
(2.19) 
where mrecoil is the recoil mass deduced following identification of the breakup 
fragments. This approach is also valid for four or more body final states if all 
undetected particles can be considered together and treated as a single residual 
nucleus that sequentially breaks up. 
The three-body reaction Q-value describing the energy released during there-
action is defined as the difference between the total kinetic energy of the particles 
in the final state and the energy of the incident beam, 
Q = ( E1 + E2 + Erecoil) - Ebeam (2.20) 
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Figure 2.17: Schematic representation of a reconstructed Q-value spectrum as 
expected for a symmetric decay channel, e.g. 12 C(24 :Wig,12C 12 C) 12C. The peaks 
are labelled with subscripts denoting the number of final state particles emitted 
in the ground state. 
Figure 2.17 shows a schematic Q-value spectrum as may be expected for a sym-
metric breakup channel, e.g, 12C(24Mg,12C 12C) 12C. The peak labelled Q999 corre-
sponds to events in which all three final state particles leave the reaction in their 
ground state (i.e. no internal excitation). The peak labelled Q99 at an energy 
Q 999 - ｅｾｮｴ＠ corresponds to events where two of the particles leave the reaction 
in their ground state with the third emitted in an excited state at an energy 
ｅｾｮｴＮ＠ Similarly the Q 9 peak corresponds to events where only one of the particles 
leaves the reaction in the ground state. The broad shoulder at lower energies is 
associated with the internal excitation of all final state particles. For asymmetric 
breakup channels, such as 12C(24Mg,12C 160)8Be, more than one (typically un-
resolved) Q99 and Q9 peak is expected due to the different excited levels in the 
different final state nuclei. The continuum at more negative Q-values has con-
tributions from reactions leading to higher internal excitations of the final state 
particles and from processes leading to four or more body final states. The low 
energy cut-off arises when the detector geometry and energy thresholds prevent 
one of the breakup fragments from being observed. By selecting events falling 
under specific peaks in the reconstructed Q-value spectrum, the respective final 
state channels may be selected. An ambiguity often arises for events falling under 
the Q99 and Q9 peaks due to the uncertainty as to which of the three final state 
particles is excited. Consequently, only events corresponding to the Q 999 peak 
are generally considered. 
In a sequential breakup process, the detected fragments are assumed to orig-
inate from the decay of a well defined intermediate state in the resonant nucleus 
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B*. The excitation energy (Ex) of this state is then related to the relative centre-
of-mass energy (Erel) of the breakup fragments through the relation, 
(2.21) 
where Qbu is the two-body breakup Q-value describing the energy released in the 
decay of the resonant nucleus B* into the fragments C + c. In the case where one 
or both of the fragments are internally excited (e.g. for events falling under the 
Q99 or Q9 peaks of figure 2.17), this internal excitation will also have originated 
from the excitation energy of the resonant state and equation 2.21 is modified to, 
(2.22) 
where E Ef:t is a summation over the internal excitation energies of the breakup 
fragments. 
Classically, the relative centre-of-mass energy of the breakup fragments is 
given by, 
(2.23) 
where, 
(2.24) 
is the reduced mass of the system, m 1 and m2 are the masses of the breakup 
fragments and Vrel is their relative velocity. The laboratory kinetic energies of 
the fragments are similarly given by, 
(2.25) 
Applying the cosine rule to the vector triangle of figure 2.16 relates these quan-
tities, 
(2.26) 
where (}12 , the laboratory opening angle between the velocity vectors of the frag-
ments (V 1 and V 2), may be obtained explicitly from the relation, 
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Pl·P2 =I Pl II P2 I cos 012 (2.27) 
Substitution of equations 2.23 - 2.25 into equation 2.26 then yields the classical 
equation for the relative energy of the breakup fragments in the centre-of-mass 
of the resonant system, 
(2.28) 
Since Qbu is well defined for a given decay channel, the excitation energy of 
the resonant nucleus may be evaluated from equations 2.21 or 2.22. Structures 
observed in the reconstructed excitation energy spectrum may then be associated 
with specific excited states in the resonant nucleus. 
2.2.2 Factors Affecting Resolution 
Q-value Resolution 
The resolution in the reconstructed Q-value spectrum depends on the accuracy 
to which the kinetic energies of the final state particles and that of the incident 
beam may be known (equation 2.20). For a given event. the beam energy spread 
and finite energy resolution of the detectors create an absolute lower limit on 
the experimental Q-value resolution. The energy loss of the beam and breakup 
fragments in the target foil will depend on the precise point of interaction within 
the target. This effect will introduce a contribution to the Q-value resolution 
which will be particularly significant for thick target foils. A further contribution 
to the resolution will arise due to the finite position resolution of the detectors 
which leads to an uncertainty in the reconstructed momentum and hence energy 
of the recoil nucleus. Similar effects arise due to the finite beam spot size, the 
angular divergence of the incident beam, and multiple small angle scattering 
(straggling) in the target. A quantitative discussion of these effects will be given 
in section 3.3.2. 
Excitation Energy Resolution 
Examination of equation 2.28 reveals that the accuracy to which the relative 
energy between the breakup fragments, and hence the excitation energy of the 
resonant nucleus, may be evaluated depends upon the accuracy to which the en-
ergies and angles of the breakup fragments may be measured. An understanding 
of these contributions to the resolution in Erel may be achieved by differentiation 
of equations 2.26 and 2.28. Differentiating equation 2.26 for the relative velocity 
Vrel with respect to the velocity V1 of one of the breakup fragments gives, 
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Figure 2.18: Two possible geometrical configurations for coincident detection of 
the breakup fragments from a sequential breakup reaction. 
(2.29) 
while differentiation of equation 2.28 for the relative energy Erel with respect to 
the laboratory opening angle 812 between the breakup fragments gives, 
(2.30) 
The detection geometry will affect the relative importance of the contributions 
due to the accuracy of the energy and angular measurements. Two possible 
geometrical configurations for the coincident detection of the fragments from a 
sequential breakup reaction are illustrated in figure 2.18. For breakup fragments 
detected on opposite sides of the beam axis as shown in figure 2.18(a), 'ljJ ｾ＠ 90° 
and thus V2 cos 812 ｾ＠ Vi. Equation 2.29 may then be approximated by, 
(2.31) 
and hence, 
(2.32) 
The resolution in Vrez, and also Erel through equation 2.23, will therefore be 
only weakly dependent upon the resolution of the fragment energy measurements 
which determine Vi and V2. However, the sin 812 dependence in equation 2.30 
leads to a significant contribution to the Erel resolution from uncertainties in 
the angular measurements. This increases with increasing opening angle 812 be-
tween the velocity vectors of the breakup fragments and hence with increasing 
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Erel· The experimental excitation energy resolution for the geometry shown in 
figure 2.18( a) will therefore be dominated by the accuracy of the angular mea-
surements which determine 812 . It is however noted that any systematic offsets 
in the absolute measured angles of the fragments tend to cancel, so long as 812 is 
correctly measured. 
For breakup fragments detected on the same side of the beam axis, as illus-
trated in figure 2.18(b), the opening angle between the velocity vectors of the 
fragments is small, i.e. 812 ｾ＠ oo. The sin B12 term in equation 2.30 then leads 
to a resolution in Erel with little dependence upon the accuracy of the angu-
lar measurements. However, since cos 812 ｾ＠ 1 then equation 2.26 reduces to 
ｶ［Ｎｾｬ＠ ｾ＠ (VI - 112)2. The contributions from both Ll v1 and Ll v2 can be calculated 
from equation 2.29 and combined in quadrature to give, 
VrelLl Vrel ｾ＠ ((Vi - 112)..6. Vi) 2 + ((l/2- V1)Ll V2? 
ｾ＠ (VI- 112) 2 (..6. V12 - Ll ｾ Ｒ Ｉ＠
which leads, via equation 2.23, to, 
6.Erel 2V (..6. V? - Ll V22) 
Erel ｾ＠ (Vj_- V2) 
(2.33) 
(2.34) 
(2.35) 
The experimental excitation energy resolution for the geometry shown in fig-
ure 2.18(b) will therefore be dominated by the accuracy of the measurement of 
the fragment energies. 
The reaction channels presented in chapters 4 and 6 correspond to the detec-
tion geometry illustrated in figure 2.18(a). The techniques discussed in chapter 5 
also involve the detection geometry illustrated in figure 2.18(b). 
2.2.3 Angular Correlations and Spin Determination 
The spins of the resonant states undergoing breakup may be deduced from a 
study of the angular correlations of the breakup fragments. Spin information 
is important for understanding the nature of the resonant states and may yield 
signatures of rotational bands composed of states with a common structure. For 
reactions of the form a( A, B* -t C + c)b, the differential cross section for the 
primary excitation may be expressed as the sum of the squared moduli of the 
transition amplitudes describing the excitation process [64]. In a notation in 
which only the magnetic quantum numbers are explicitly indicated, 
du( B*, ¢*) 
ex (2.36) 
mamAmbmB" 
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where ｲＺＺＺ｢｡ＺＺＺｾｾ＠ are the transition amplitudes for the formation of the intermediate 
state (b,B*) from the initial state (a,A) . The polar angles (fJ*, ¢*) describe the 
direction of the initial scattering in the centre-of-mass of the initial state and 0 0 .. 
is the associated solid angle. Under the assumption that the reaction proceeds via 
a well defined intermediate state B* which is sufficiently long-lived that its sub-
sequent decay is not influenced by the recoiling nucleus b, the double differential 
cross section for the sequential breakup process may be expressed as a summation 
over the product of the transition amplitudes describing the formation (T:::ba:::; .. ) 
and subsequent decay ＨｔＺＺＺｾＺｮｊ＠ of the intermediate state [89, 174], 
(2.37) 
The angles ('if;, x) describe the direction of the emitted particles in the centre-
of-mass of the intermediate state B* and n1/J is the associated solid angle. The 
summation in equation 2.37 extends over all magnetic substates of the initial, 
intermediate and final states. 
In order to separate the shape of the angular correlations from their absolute 
magnitudes, a correlation function vV ( B*, ¢*, 'if;, x) is often introduced and defined 
as the double differential cross section normalised by the single differential cross 
section for the excitation process [64]. However, since the single differential cross 
sections were not measured for any of the reaction channels discussed in this 
work, the angular correlation function will be defined by the un-normalised double 
differential cross section given by equation 2.37. 
In the special case where the resonant particle B* decays into two spinless 
particles such that ｔ［ＺＺｾＺｮ｣＠ ｾ＠ T;"t'", the relative centre-of-mass orbital angular 
momentum of the emitted particles will be due entirely to the intrinsic angular 
momentum J B* of the intermediate state. The decay transition amplitudes may 
then be replaced by spherical harmonics [89], 
(2.38) 
which substituted into equation 2.37 yields, 
2: I L r;:ba::::. (B*, ﾢＪＩｙ｟［［ｾﾷ＠ ('if;, x) 12 (2.39) 
mamAmb ms• 
In this form, the shape of the angular correlations is independent of the decay 
mechanism but depends uniquely on the spin of the intermediate state and the 
relative amplitudes and phases of the magnetic substates. The latter are in turn 
determined uniquely by the reaction mechanism for the excitation process. 
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If the projectile and target have zero spin, then the angular mornentum in the 
entrance channel li must arise solely from the orbital angular momentum due to 
the relative motion of the projectile about the target, i.e. li = r x Pbeam· If the 
beam direction is taken as the quantisation axis then li can have no component 
along this au""<is and will be in an m = 0 magnetic substate. Furthermore, if 
the recoil nucleus is also produced with zero spin, then the intermediate state 
with spin J8 • will have natural parity (-l)Js ... Under these conditions T:;:ba;::8A .. --+ 
ｔｾ＠ ｾ Ｘ •＠ and the formation transition amplitudes are replaced by the m-substate 
populations fis•ms .. (B*, ¢*) of the intermediate state which also transform as 
spherical harmonics [195]. The differential cross section for the formation of the 
intermediate state, equation 2.36, then becomes, 
JB,. 
I: I !Js .. ms• (B*, ¢*) 12 (2.40) 
ms•=-Js* 
and the double differential cross section for the sequential decay process, 
(2.41) 
The incoherent summation over all possible m-substates has thus reduced to a 
single coherent summation over the m-substate populations of the intermediate 
state B*. 
For scattering through B* = 0° the orbital angular momentum in the exit 
channel 11 must also be in an m = 0 magnetic substate. Conservation of angular 
momentum requires that, 
(2.42) 
where J 8 .. is the angular momentum transferred to the intermediate nucleus. 
Consequently, B* may only be populated in an m = 0 magnetic substate at 
B* = 0°. Since all m-substate populations vanish except for !JB. 0 , the double 
differential cross section becomes, 
d2cr(B* = 0°, 'if;) 
ex: I !JB.o(B* = oo)YJB. ('if;) 12 dno.dnw 
which reduces [64, 89] to, 
(2.43) 
(2.44) 
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Figure 2.19: Schematic representation of the ridge structure formed in the B*-'lj; 
plane and the projection technique used for spin determination. The coverage in 
B* -'1/J is determined by the angular coverage and energy thresholds of the detec-
tors and modulates the amplitude of the projected angular correlation. In this 
example, the intermediate state B* has even spin and parity. 
Thus, for scattering through small angles (B* ｾ＠ 0°) the angular correlations 
are independent of the reaction mechanism and will take the form of a squared 
Legendre polynomial (IPJB* (cos '1/J) 12 ) in cos 'lj; of order J s·. The spin of the inter-
mediate state may then be determined in a model independent way by comparing 
the angular structure observed in the measured double differential cross section 
at B* ｾ＠ oo with a squared Legendre polynomial of order J B*. 
For scattering away from B* = oo higher magnetic substates contribute to the 
reaction cross section and the structure of the angular correlations is expected 
to take a more complicated form. However, it has been observed experimentally 
{169, 173, 174] that at forward scattering angles the in-plane (x = 0°) angular 
correlations retain the same periodicity as at B* = oo but are shifted in '1/J by an 
amount if; which is linearly proportional to the initial scattering angle B*. The 
origin of this effect is discussed in section 2.2.4. The double differential cross 
section then takes the form, 
if; ex B* (2.45) 
This linear shift of the correlations with increasing scattering angle gives rise to 
a ridge structure in the B*-'1/J plane. By projecting the data onto the B* = 0° 
axis at an angle parallel to the ridges as illustrated in figure 2.19, the spin Js· 
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of the intermediate state may be determined by comparing the periodicity of the 
projected structure at B* = oo with that of a squared Legendre polynomial of 
order J B*. This procedure can be advantageous experimentally as it utilises all 
of the data. 
From the nature of Legendre polynornials it is evident that states with even 
spin will produce a maximum at ¢ 0 =goo (as shown in figure 2.1g) while states 
with odd spin will produce a minimum. It is therefore preferable for the B* -'l/J 
phase-space sampled experimentally to cover the region B* = oo, 'ljJ =goo in order 
to accurately determine the spin of the intermediate state. With the assumption 
of three spin zero particles in the final state, as made prior to equation 2.41, 
the parity ( 1r) of the intermediate state is also revealed by the correlation at 
'l/Jo = goo. Since the spin J B* is equal to the orbital angular momentum of the 
breakup fragments, then 1f = ( -1) 1 . 
2.2.4 Da Silveira's Semi-Classical Model 
A qualitative semi-classical model was proposed by da Silveira [64] to explain the 
formation of the ridge structure observed in the B*-'l/J plane. The model assumes 
that the reaction is characterised by a single partial wave li in the entrance chan-
nel. One way for this to arise is for the reaction to proceed through a resonance 
in the compound nucleus as has been proposed for the 12C(24Mg,12C 12C) 12C re-
action [178]. Alternatively, such localisation in partial-wave space is inherent in 
heavy-ion induced transfer and inelastic scattering reactions in which peripheral 
collisions dominate the cross section. The strong absorption at small impact pa-
rameters (leading to compound nucleus formation or more complicated processes) 
and the drop in cross section with increasing separation (due to the short range 
of the nuclear force) result in contributions from only a narrow range of partial 
waves. The second assumption of da Silveira's model is that the angular momen-
tum transfer J is small in comparison with the grazing orbital angular momenta 
in the entrance Ii and exit It channels. For heavy ion collisions, this condition is 
easily satisfied if Q << 0 (i.e. excitation of highly excited states in the resonant 
nucleus), where the angular momentum mismatch is large favouring the lowest 
possible value for It. The dominant contribution to the cross section will then 
arise from the coupling of the angular momenta in the stretched configuration 
such that lit ＱｾＱＱｩ＠ I - I J I· 
Da Silveira assumed that the breakup fragments are emitted in a plane per-
pendicular to the angular momentum vector J of the intermediate state, as ex-
pected classically for two separating particles. This plane must bisect the plane 
containing Ii and It defined by the wave vectors ki and k t respectively. This is 
illustrated in figure 2.20(a) for decays within the reaction plane (x == 0°). There 
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Figure 2.20: (a) Diagram illustrating da Silveira's semi-classical model describing 
the formation of the ridge structure in the (}* -'lj; angular correlations. (b) The 
vector triangle formed by the various angular momenta and the correlation angles. 
CHAPTER 2. THEORETICAL C01VSIDERATI01VS 76 
will be a preferred direction D for the emission of the breakup fragments, normal 
to the vector J = li -11, causing the correlations to shift from the beam direction 
through an angle if; as the scattering angle 0* increases. Figure 2.20(b) shows the 
vector triangle formed by the initial and final state grazing angular momenta li 
and 11 and the angular momentun1 J tranferred to the intermediate state. The 
sine rule applied to this vector triangle yields, 
or equivalently, 
[1/ [ sin 0* = l J [ sin '¢j 
sinO* 
sin if; 
(2.46) 
(2.47) 
For small angles, sin 0* -+ dO* and sin if; -+ d'lj; and with the angular momenta 
coupled in the stretched configuration such that [11 [=[li I - I J [, equation 2.47 
may be written, 
dO* 
d'lj; 
I J l 
fiJi 
l J I (2.48) 
The model thus predicts the formation of ridges in the 0* -'1/J plane with a 
gradient proportional to the spin J of the intermediate state and inversely pro-
portional to the final state grazing angular momentum l 1. In a comparison of 
experimental data with various reaction models, Rae and Bhowmik (17 4] found 
the gradient of the ridges to be essentially independent of the reaction mecha-
nism as predicted. Ivlarsh and Rae [149] later derived the results of da Silveira 
from a full quantitative quantum mechanical treatment and further showed that 
for mismatched reactions the slope of the ridge structure is independent of the 
intrinsic spins of the breakup fragments. 
Under the conditions discussed in section 2.2.3 there are thus two indepen-
dent yet complimentary methods for determining the spin of the intermediate 
state from the ridge structure observed in 0* -'lj; angular correlations. The spin 
may be determined directly by projecting the correlations onto the ()* = oo axis 
and comparing the periodicity of the observed structure with squared Legendre 
polynomials of order J. Alternatively, if the initial or final state grazing angular 
momenta are known, either from the gradients of correlations for states of known 
spin or from calculations using a suitable reaction model, then the gradient of the 
ridge structure may be used to extract the spin of the intermediate state. This 
latter method has also been shown [149] to be applicable to the case of decays 
leading to non zero spin breakup fragments. 
Chapter 3 
Experimental Details 
3.1 The Accelerator Facility 
The experiment described in this thesis was performed in June 1996 at the Aus-
tralian National University (A.N.U.) in Canberra. The accelerator facility at the 
A.N.U. is based on the 14UD pelletron tandem Van de Graaff accelerator (168] 
located at the Department of Nuclear Physics. The operation of tandem Van de 
Graaff accelerators has been discussed extensively in the literature [31, 203] and 
only a brief discussion related to the A.N.U. facility will be given here. 
3.1.1 Ion Sources 
Several types of negative ion source have been developed to provide the injection 
stage to tandem Van de Graaff accelerators (these have been reviewed by Nliddle-
ton [153] and references therein) . The ion source used for the present experiment 
was a Middleton-type sputter source located at the top platform of the accelerator 
tower. The source operates by directing positive caesium ions produced by surface 
ionisation towards a sample of the beam material which forms the sputter cone. 
The caesium ions are used to sputter beam particles from the cone and transfer 
an electron in the process to form the negative beam ions. Several sputter cones 
mounted on a rotating copper wheel enable rapid change between ion species. 
The 12C and 160 calibration beams (section 3.8) were produced using cones of 
graphite and aluminium oxide (Ab03 ) respectively. However, magnesium forms 
only a metastable negative ion [153] and hence production of the 24Mg reaction 
beam was accomplished by use of magnesium hydride (24MgH-) ions which are 
relatively stable. These were produced by feeding ammonia (NH3 ) gas onto a 
magnesium sputter cone. 
The ion source enclosure was held at a negative potential ""'150 kV with 
respect to the inflection magnet which was held at ground potential and situated 
at the low energy entrance to the main accelerator column. Beam ions formed 
in the sputtering process were extracted from the source by this pre-accelerator 
77 
CHAPTER 3. EXPERilviENTAL DETAILS 78 
(injection) potential and focused into the inflection magnet by an Einzel lens. 
The beam ions were then deflected through 90° by the inflection magnet into 
the vertical accelerator column of the 14UD pelletron. This reduced the level of 
beam contamination since only ions with the correct mass and charge ( -1) would 
follow the correct trajectory to pass through the inflection magnet and enter the 
accelerator. 
3.1.2 The 14UD Pelletron 
The main accelerator is constructed fro1n a pressure vessel 21.9 m tall and 5.49 m 
diameter containing sulphur hexaflouride (SF6 ) insulating gas. The central accel-
erator column is constructed from twenty eight modules each comprising a series 
of metal electrodes and ceramic insulators designed to withstand a potential dif-
ference in excess of 1 MV. Fourteen of these column modules are situated above 
and below the central terminal respectively. This central terminal provides the 
electric field within the column and operates at a high positive potential with the 
inflection magnet at the low energy end and the analysing magnet at the high 
energy end of the accelerator both held at ground potential. A series of resistors 
along the length of the accelerator column ensure a smooth potential gradient. 
Three pelletron chains carry positive charge induced at the base of the acceler-
ator column to the central terminal. These chains consist of aluminium cylinders 
separated by nylon insulating links. Such chains have been found to provide 
a more uniform charging current and hence improved terminal voltage stability 
than that achieved using a conventional continuous belt [203]. These chains also 
carry negative charge away from the terminal (down-charge) thus improving the 
response to terminal voltage fluctuations. 
Negative beam ions passed by the inflection magnet are accelerated by the 
potential gradient towards the positive central terminal where they pass through 
a thin carbon stripper foil (""' 10 p,g em - 2 areal density [168]). Some atomic 
electrons (and the hydrogen constituents in the case of 24MgH-) are stripped 
from the ions which then emerge in a distribution of charge states. Since the 
stripping of electrons is a statistical process the yield of the emerging positive 
ions will vary between the different charge states. The positive ions are then 
accelerated away from the central terminal by the potential gradient across the 
lower part of the accelerator column. The energy of the ions (Ebeam) emerging 
from the high energy end of the accelerator is given (in MeV) by, 
Ebeam = e [vt (1 + q) +\!injection] (3.1) 
where Vt is the terminal voltage, \!injection is the injection potential ("-'150 kV) of 
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the ion source enclosure, e is the electronic charge and q is the charge state of the 
stripped ions. For 24IvigH- ions entering the accelerator, equation 3.1 is modified 
to, 
Ebeam = e [ Vt G: + q) + Vinjection G:)] (3.2) 
In the case of stripped 24 Iv!g ions, the highest charge state obtainable with 
sufficient intensity was g+. To obtain the 170 Ivie V 24 Ivig beam required for the 
experiment would thus require a terminal voltage of rv 17 IviV which is beyond 
the range sustainable by the 14UD pelletron. It was therefore necessary to use a 
second stripper foil positioned approximately two thirds of the way down the ac-
celerator column. The energy of the accelerated beam ions after double stripping 
is then given by, 
Ebeam = e [vt G: + 0.343ql + 0.657q2) + Vinjection G:)] {3.3) 
where q1 and q2 are the charge states of the ions after the first and second stripping 
stages respectively. The 170 IvieV 24 Mg beam was achieved by utilising the g+ 
charge state after the first stripping stage and the 11 + charge state after the 
second stripping stage with a terminal voltage of "'15.06 MV. 
The accelerated beam ions emerging at the high energy end of the accelerator 
were bent through goo in a vertical plane by the analysing magnet and directed 
into the target area. The analysing magnet also provided charge state selection 
since only ions with the correct momentum to charge ratio would be bent through 
precisely goo. The field within the magnet was monitored via an NiviR probe to 
ensure that the correct field was maintained at all times and to aid in beam 
tuning. 
A set of XY slits located just after the analysing magnet provided both col-
limation and energy stabilisation of the accelerated beam. Any stray beam par-
ticles incident on these slits produced a charge which was collected. The signals 
from the slits positioned above and below the aperture were sent to a differential 
amplifier. Variations in the terminal voltage resulted in a change in the energy 
of the accelerated ions. This lead to a change in the radius of curvature followed 
by the ions in passing through the analysing magnet resulting in an imbalance 
in the signals fed into the differential amplifier. Any such imbalance in these 
signals produced an output which was used to control a corona probe situated 
at the central terminal. The pro be contained several corona needles drawing a 
small corona discharge current of rv20 J.LA from the central terminal. This per-
mitted the terminal voltage to be modified by varying the current drawn from the 
------ --- -··· .. --· ... -- .. . .. -
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central terminal by the corona needles. The terminal voltage was thus modified 
depending on the output of the differential amplifier until the beam passed uni-
formly through the -"yy slits. This feedback system provided automatic energy 
stabilisation of the accelerated beam to within an accuracy of a few parts in 104 
[168]. 
3.2 Angular Coverage for Detectors 
Various configurations of suitable detectors were assessed prior to the experiment 
to ensure an appropriate angular coverage. This was achieved with the aid of 
Monte Carlo simulations, with reasonable assumptions regarding the detector 
properties, as discussed below. 
3.2.1 Basic Detector Properties and Criteria 
The detectors chosen for the experiment were two gas-silicon-scintillator hybrid 
detector telescopes [59] positioned on opposite sides of the beam a.-xis. These are 
discussed in detail in section 3.5. In these telescopes, the energy and position 
of incidence of the detected ions is measured by Position Sensitive Silicon Strip 
Detectors (PSSSD's) which provide an in-plane position resolution of typically 
rv0.2 mm FWHM [59]. The out-of-plane position resolution takes the form of 
a flat-top distribution with a width of 3 mm. Rae et al [175] have noted that 
for large opening angles between the velocity vectors of the breakup fragments 
the out-of-plane position resolution enters only as a second order effect to the 
excitation energy resolution. The relatively poor out-of-plane position resolution 
of the strip detectors is thus not expected to degrade the experimental resolution 
significantly. Previous experiments have found typical intrinsic energy resolutions 
of the PSSSD's to be rv200 keV and rv300 keV FWHM for incident 12 C ions [59] 
and 160 ions (163] respectively. 
The intrinsic energy thresholds of the silicon strip detectors were estimated to 
be rv5 MeV. This value was then modified by adding the energy loss (estimated 
using the energy loss code DEDX [67]) of the ions in first passing through the 
50 mm thick gas volume and then the 3.5 J-Lm thick mylar windows of the gas 
ionisation chambers which are located directly in front of the PSSSD's to provide 
particle identification information (section 4.2.1). The gas ionisation chambers 
were assumed to contain propane gas at a fixed internal pressure of 60 torr as 
used experimentally (section 3.5). The effective energy thresholds for incident 
12C and 160 ions were thus predicted to be 15.2 and 20.4 MeV respectively. 
The resolution in the measured angles of the detected fragments, which domi-
nates the excitation energy resolution in a standard RPS experiment (section 2.2.2), 
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may be improved by placing the detectors farther from the target. The reduced 
angular coverage of the detectors will however reduce the detection efficiency. The 
main aim of the present experiment was to determine whether states in 28Si which 
decay into the 12C+16 0 channel are populated in reactions of a 24 :Nig beam with 
targets other than 12C. It was therefore most hnportant to maximise the detec-
tion efficiency, favouring the placement of detectors close to the target position. 
The increase in efficiency would however be at the expense of the experimental 
resolution in the reconstructed excitation energy· spectra. A greater yield could 
also be achieved by use of thick target foils thus improving the statistical quality 
of the data. However, the increased straggling (due to multiple scattering) of the 
beam and breakup fragments in the target and the increased uncertainty in the 
precise point of interaction would again degrade the experimental resolution in 
both the reconstructed Q-value and excitation energy spectra. Thus in practice, 
the choices of target thickness and placement of detectors are interconnected. 
The optimal experimental arrangement then reflects the compromise between 
maximising the detection efficiency while retaining sufficient resolution in the re-
constructed excitation energy spectra and was assessed according to Monte Carlo 
simulations discussed in the following sections. 
3.2.2 Detector Angles 
The range of excitation energies in the resonant nucleus to which an RPS mea-
surement is sensitive will depend on the solid angles subtended by the detectors. 
The angular coverage also determines the region of B* -'if; phase space sampled for 
a given excitation energy. The Monte Carlo code MAUL [92] was used to estimate 
the detection efficiency for various experimental layouts. The simulation predicts 
an efficiency profile as a function of excitation energy in the resonant nucleus. 
The input parameters include the masses of all particles involved, the three body 
Q-value describing the reaction and the two body Q-value describing the decay 
of the resonant state. The positions, sizes and energy thresholds of the detectors 
and the beam energy to be used are also included. A range of excitation energies 
is sampled in the simulation. 
The reaction is defined by A+a--+ B*+b-+ (C+c)+b as in section 2.2.1. For 
the reactions studied, the angular distribution of the resonant nucleus B* follow-
ing the initial scattering is not known but was simulated by randomly choosing 
a scattering angle from within a distribution defined by an exponential fall-off 
with a centre-of-mass half-angle of 16°. This angular distribution corresponds to 
that previously observed by Betts et al [18] for the inelastic excitation of states 
at rv20 MeV in 27 AI via the 120+27 AI interaction at a centre-of-mass energy of 
56.8 MeV (i.e. a similar system to those studied here at a similar centre-of-mass 
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energy). The assumed isotropic breakup of the resonant nucleus B* was then 
simulated by choosing a random centre-of-mass breakup angle Be for one of the 
breakup fragments C, the centre-of-mass breakup angle of the other fragment c 
then being Be = 180° -Be. The centre-of-mass kinetic energy (Erel =Ex+ Qbu) 
available to the breakup fragments was then divided between the fragments under 
the constraint that their centre-of-1nass momenta be equal in magnitude. The 
energies and angles of the fragments were then converted from the centre-of-mass 
into the laboratory frame and compared to the energy thresholds and angular 
coverage of the detectors. The detection efficiency at a given excitation energy 
was determined by the number of coincident events that satisfy the requirements 
of the detection system compared to the total number of events simulated. Al-
though the absolute detection efficiency predicted by the code is subject to an 
uncertainty due to the choice of the initial scattering and breakup angular distri-
butions, this is not expected to significantly alter the relative efficiency predicted 
for different experimental layouts. The code thus allowed a direct comparison 
between proposed detector geometries to be made. 
The Ivlonte Carlo code MAUL was modified to allow the predicted B*-'lj; phase 
space coverage of a proposed experimental layout to be evaluated for a given 
excitation energy. In this case, simulated data satisfying the requirements of 
the detection system were reconstructed and the corresponding centre-of-mass 
scattering angle B* and breakup angle 'lj; evaluated for each event. 
The predicted efficiency profile and phase space coverage was evaluated for 
each of the main reaction channels to be studied assuming several combinations 
of detector angles and target-to-detector distances. Figure 3.1(a) shows the pre-
dicted efficiency profiles for the coincident detection of 12C and 160 ions orig-
inating from the decay of the resonant 28Si nucleus produced in reactions of a 
170 MeV 24Mg beam with targets of 7Li, 9Be, 12C and 160. These profiles were 
evaluated for 50 mm x 50 mm detectors centred at 16° on either side of the 
beam axis at a distance of 170 mm from the target. This was the detector ge-
ometry eventually chosen for the experiment. With each of the target nuclei, the 
predicted efficiency is maximised in the excitation energy region 25 - 37 MeV in 
the resonant 28Si nucleus, where breakup has previously been observed via the 
12C(24Mg,l2 C 160)8Be reaction [60] (figure 1.15(a)). 
The predicted efficiency profiles for the coincident detection of two 12C ions 
originating from the decay of the resonant 24 Mg nucleus are shown in figure 3.1 (b). 
These were evaluated for the same detector geometry as discussed above. With 
each of the target nuclei, the efficiency is maximised in the excitation energy 
region 20- 35 MeV of the resonant 24Mg nucleus, where breakup has previously 
been observed via the 12C(24Mg,12C 12C) 12C reaction (96, 140] (figure 1.13(b)). 
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Figure 3.1: Monte Carlo predicted efficiency profiles for (a) the 12C+160 breakup 
of 28Si and (b) the 12C+12C breakup of 24Mg populated following the interaction 
of a 170 MeV 24Mg beam with targets of 7Li, 9Be, 12C and 160. The efficiencies 
were evaluated for 50 mm x 50 mm detectors centred at 16° relative to the beam 
axis at a target-to-detector distance of 170 mm. 
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Figure 3.2: Monte . Carlo predicted ()* -'lj; phase space coverage for the reactions 
(a) 12C(24Mg,12C 12C)12c, (b) t2c(24Ivig,l2C 16Q)sBe, (c) 9Be(24Mg,l2C 16Q)sHe 
and (d) 7Li(24Mg,12C 160)3H evaluated for 50 mm x 50 mm detectors centred at 
16° relative to the beam axis at a target-to-detector distance of 170 mm. 
The predicted ()* -'lj; phase space coverage for several of the reactions to be 
studied is shown in figure 3.2. Figure 3.2(a) shows the predicted coverage for the 
12C(24Mg,12C 12C) 12C reaction. This was evaluated for an excitation energy of 
22 MeV in 24Mg where the strong population of a J7r = 4+ state has previously 
been observed [96] (figure 1.11). The predicted coverage for the (b) 12C(24Mg,l2C 
160)8Be, (c) 9Be(24Mg,12C 160)5He and (d) 7Li(24Mg,12C 160)3H reactions is also 
shown in figure 3.2. These were evaluated for an excitation energy of 30 MeV 
in the resonant 28Si nucleus where a strongly populated state was previously ob-
served via the 12C(24Mg,12C 160)8Be reaction [60] (figure 1.15(a)). The overall 
shape of the ()* -'lj; sensitivity for the 120+160 decay channel is similar for all 
three target nuclei, as shown in figure 3.2. However, with decreasing target mass 
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a wider range of scattering angles B* is sampled due to the increased velocity of 
the projectile-target system in the laboratory and the subsequent transformation 
into the centre-of-mass. This effect also results in a higher detection efficiency 
with decreasing target mass as shown in figure 3.1. l\tiore importantly, the re-
gion around B* = oo, 'ljJ = 90° is sam pled in each case suggesting that for the 
reactions involving spin zero target nuclei, spin and parity assignments may be 
deduced from the angular correlations of the breakup fragments as discussed in 
section 2.2.3. 
3.3 Choice of Targets 
3. 3.1 Materials 
The carbon and lithium oxide targets used in the experiment were manufactured 
at the Daresbury laboratory, England. The beryllium foil was supplied by Good-
fellow Metals, England. 
The carbon target was manufactured by the evaporation of carbon (which 
may be achieved either by the carbon arc or electron beam methods) onto a glass 
slide coated with a release agent. Once the carbon has accumulated, it is floated 
off the slide into a beaker of water to produce a thin film of carbon which may 
be readily picked up onto a target frame. 
Beryllium is available as a metal. However, for the low target thickness (dis-
cussed in the following section) required for the experiment, the target was sup-
plied with a copper backing for support. This copper backing was removed prior 
to installation into the scattering chamber by dissolving the copper in nitric acid, 
thus leaving a self-supporting beryllium metal foil. The resulting foil was however 
very fragile and careful handling was required as particulate beryllium is a severe 
health hazard. Prior to installation in the scattering chamber, it was noted that 
a small tear was present in the foil. This resulted in a tendency for the foil to curl 
such that the plane of the foil would no longer be normal to the incident beam 
and the effective thickness of the target would be increased from that initially 
expected. This point will be further addressed in section 6.3.1. 
The lithium oxide target was produced by initially starting with a lithium 
carbonate (Li2C03 ) compound which was then converted to lithium oxide (LbO) 
and evaporated onto a mounted carbon film. Since this target was not self-
supporting, it was possible for the incident beam to interact with either of the 
three nuclides present in the target. It was thus important for the evaluation of 
cross sections to know the precise quantities of each of the constituent nuclides. 
This will be discussed in section 3.3.3. 
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Physical Parameter 
Beam 
Beam energy spread 
In-plane beam divergence 
Out-of-plane beam divergence 
In-plane beam spot size 
Out-of-plane beam spot size 
Detector size 
Target to detector distance 
Detector angles 
In-plane position resolution 
Out-of-plane position resolution 
Detector energy threshold (12C) 
Detector energy threshold (160) 
Detector energy resolution (12C) 
Detector energy resolution (160) 
Value 
170 :tvie V :l4 Mg 
3 parts in 104 
0.2° 
0.2° 
1.5mm 
1.5mm 
50 mm x 50 mm 
170 mm 
16°/16° 
0.2mm 
3.0 mm (FT) 
15.2 MeV 
20.4 MeV 
200 keV 
300 keV 
86 
Table 3.1: Experimental parameters of the accelerator and detection system as 
used in the Monte Carlo simulations. The value labelled (FT) indicates a flat-top 
distribution. 
3.3.2 Thickness 
Following the choice of detector geometry, the thickness of the target foils was 
decided. The predicted experimental resolutions in both the Q-value and excita-
tion energy for a given experimental layout and target thickness were evaluated 
using the Monte Carlo code RESOLUTION [61). Here, the sequential breakup 
process is simulated as in the code MAUL [92) previously discussed. However, 
in this case the simulated angles and energies of both the incoming beam and 
the outgoing fragments are smeared according to the effects of various physical 
phenomena (listed in tables 3.2 and 3.3). This smearing is simulated by adding 
random values obtained from proven theoretical models to those of the beam and 
fragments. The reaction Q-value and excitation energy are then reconstructed 
using the smeared values for the fragment angles and energies. The FWHM of 
the simulated peaks were obtained using peak fitting routines within BUFFIT 
(44). Each of the effects were simulated individually, in the present case for an 
excitation energy of 30 MeV in the resonant 28Si nucleus. All effects were then 
simulated together to obtain the overall predicted experimental resolution. A 
detailed discussion of each of the contributing effects and their simulation has 
been given by Curtis [61]. 
The input parameters used in the simulations are summarised in table 3.1. 
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Target Material 12c 7Lb 16Q 9Be 
Target Thickness (J.Lg cm-2) 380 300 350 
Beam spot size 157 285 224 
Beam divergence 69 97 78 
Beam energy spread 69 73 73 
Beam energy straggle in target 140 125 136 
Beam energy loss in target 2330(FT) 1910(FT) 2140(FT) 
Fragment energy straggle in target 72 64 67 
Fragment energy loss in target 2220(FT) 1770(FT) 1990(FT) 
Fragment angular straggle in target 11 14 12 
Beam and fragment target energy loss 82 82 88 
Fragment energy straggle in mylar 198 213 210 
Fragment angular straggle in mylar 17 24 17 
Fragment energy straggle in gas 267 285 284 
Fragment angular straggle in gas 12 14 13 
Energy resolution 482 513 511 
In-plane position resolution 10 15 11 
Out-of-plane position resolution 56 108 83 
All effects simulated together 866 1128 1013 
Table 3.2: Monte Carlo predicted contributions (ke V) to the reconstructed Q-
value resolution for 12C+160 breakup of 28Si formed following the interaction of 
a 170 MeV 24Mg beam with each of the targets (12C, 7Li and 9Be) . The values 
were calculated for the decay of an excited state at 30 MeV in 28Si. Contributions 
marked FT indicate flat-top distributions and are correlated (see text)" such that 
they give a combined contribution of rv80 keV. 
The typical beam energy spread expected at the A.N.U. accelerator facility (sec-
tion 3.1) is a few parts in 104 [168, 203] and a beam spot size of typically 1.5 mm 
x 1.5 mm may be achieved. The maximum beam divergence has been estimated 
from the maximum size of the beam spot at the last quadrupole lens leading into 
the scattering chamber (section 3.4) and the distance between this lens and the 
target position. The value of 0.2° corresponds to the maximum beam divergence 
possible although values less than this are expected in practice. 
The code was run for several ｶ｡ｬｵｾｳ＠ of target foil thickness for each of the 
targets to be used. The predicted contributions to the reconstructed Q-value and 
excitation energy resolution are given in tables 3.2 and 3.3 respectively. These 
values are for 380 J.Lg cm-2 12C, 300 J.Lg cm-2 7Li2160 (for which the 7Li(24Mg,12C 
160)3H reaction was simulated) and 350 J.Lg cm-2 9Be targets and correspond to 
the thicknesses ultimately chosen for the experiment. The target thicknesses are 
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Target Jviaterial l:lc 7Li2 u>o 9Be 
Target Thickness (J.Lg em - 2) 380 300 350 
Beam spot size 2 1 1 
Beam divergence <1 <1 <1 
Beam energy spread <1 <1 <1 
Beam energy straggle in target <1 <1 <1 
Beam energy loss in target <1 <1 <1 
Fragment energy straggle in target 10 8 9 
Fragment energy loss in target 65 46 52 
Fragment angular straggle in target 56 40 40 
Beam and fragment target energy loss 65 92 54 
Fragment energy straggle in mylar 27 27 26 
Fragment angular straggle in mylar 40 39 39 
Fragment energy straggle in gas 36 36 36 
Fragment angular straggle in gas 22 21 21 
Energy resolution 65 64 64 
In-plane position resolution 84 85 85 
Out-of-plane position resolution 51 55 52 
All effects simulated together 244 232 233 
Table 3.3: Monte Carlo predicted contributions (ke V) to the reconstructed exci-
tation energy resolution for 120+160 breakup of 28Si formed following the inter-
action of a 170 MeV 24Mg beam with each of the targets (12C, 7Li and 9Be). The 
values were calculated for the decay of an excited state at 30 MeV in 28Si. 
expressed in units of J.Lg cm-2 , i.e. the actual thickness multiplied by the density 
of the material. 
The overall predicted Q-value resolution is rvl MeV for each of the targets 
which is sufficient to resolve the Q 999 peaks from the corresponding Q 99 peaks and 
background. The resolution is dominated by the energy resolution of the silicon 
detectors. Significant contributions also arise from both the energy straggling of 
the fragments in the mylar window and gas volume of the ionisation chambers 
and also due to the finite beam spot size. The energy losses of the beam and 
fragments in the target foil lead to fiat-top contributions with a width of rv2 
MeV. These effects arise due to the uncertainty in the precise point of interaction 
within the target foil. However, the two contributions are related through the 
interaction point and thus both effects have been simulated simultaneously. The 
combined contribution is expected to be approximately equal to the difference 
between the individual contributions and is predicted to be rv80 keV. 
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The predicted excitation energy resolution is rv240 ke V FWHM for each of the 
targets. This value is cotnparable to the resolutions of rv210 - 240 keY obtained 
in the previous measurement of the 12 C (2'1 Mg,12 C 16 0) 8 Be reaction by Curtis [ 60]. 
The resolution is dominated by the position and energy resolution of the PSSSD's 
and the energy losses and straggling of the fragments in the target, mylar and 
gas. The resolution does not depend on the beam parameters since the excitation 
. energy (equations 2.21 and 2.28) is a function of the energies and angles of the 
fragments only. The finite beam spot size and beam divergence both introduce a 
shift in the co-ordinate system used for the angular measurements of the detected 
fragments. The effect on the measurement of the opening angle 812 (and hence 
excitation energy) is however negligible since an underestimate in the angle of 
one fragment is compensated by an overestimate in the angle of the other. 
The results of the Nlonte Carlo simulations indicate that the chosen detection 
geometry and thickness of target foils would allow a measurement of the main 
reaction channels with sufficient resolution, detection efficiency and yield. The 
target thicknesses chosen were the maximum possible, within the limits on the 
resolution placed by the other experimental parameters. 
3.3.3 Rutherford Back-Scattering Analysis 
To determine the nominal quantities of the different nuclides present in the 
lithium oxide target, a Rutherford Back-Scattering (RBS) measurement [133] 
was performed using the 2 MV Van de Graff accelerator at the University of Sur-
rey ion beam centre. The original targets used at the A.N. U. had been destroyed 
following the experiment due to concerns about beryllium contamination in the 
scattering chamber. However, a Li20 target from the same production batch as 
the target used in the experiment was examined. Beams of 1 MeV and 1.5 MeV 
protons scattered from the target were detected at 165° in a silicon surface barrier 
detector. The energies of the protons scattered through such large angles are char-
acteristic of the target element. Due to the finite thickness of the target, some 
particles may penetrate the target foil and lose energy before back-scattering. 
The peak at the energy characteristic of the target element then broadens into 
a plateau, the width of which depends on the thickness of the scattering target. 
The relative quantities of the different target elements may be determined from 
the relative heights of the plateaux (which for thick target materials may overlap 
and form steps in the proton energy spectrum) and a comparison with Ruther-
ford scattering cross section values given in the literature. The accuracy of the 
measurement is not high as it depends on literature values for the scattering cross 
sections and energy losses. However, the values deduced are expected to be better 
than rv20%. 
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Target Expected Thickness Actual Thickness 
Element (J..Lg cm-2) (J..Lg cm-2 ) 
Lithium- 7 140 62 
Oxygen- 16 160 261 
Carbon- 12 0 62 
Total 300 385 
Carbon Backing 10 12 
Table 3.4: Comparison of the expected quantities of the various elements in the 
Li20 target and those determined from the RBS measurement [124]. 
The results of the RBS measurements are given in table 3.4 [124] where the 
nominal production values are also shown for comparison. The measured quan-
tity of carbon within the bulk of the target was 62 J.tg em - 2 and a 12 J.tg em - 2 
carbon backing was also observed (this backing was clearly separated in the spec-
trum analysis). The total carbon content of the target was thus 7 4 J.Lg em - 2. The 
measured oxygen content of the target was 261 J.tg cm-2 and was found to be 
uniformly distributed throughout the volume of the target. This could not there-
fore be attributed to surface oxidation. The measured quantity of lithium, again 
spread uniformly throughout the target, was 62 J.tg em - 2 . These results suggest 
that the target would stoichiometrically have more resemblance to a Li2C04 com-
pound rather than Li20. To avoid this apparent paradox, this target will from 
hereon be denoted "LiCO". 
3.4 The Scattering Chamber 
The 2 metre diameter scattering chamber at the end of beam-line three in the 
A.N. U. target area was used for the experiment. The layout inside the chamber 
is shown schematically in figure 3.3. The target foils were housed in a Geneva 
wheel mechanism located at the centre of the chamber. The target wheel was 
capable of holding up to six targets with selection between targets achieved by 
rotating them into the beam axis position. The targets present in the Geneva 
wheel for the duration of the experiment are summarised in table 3.5. These were 
mounted with the plane of the target foils normal to the beam direction. 
The beam entering the chamber passed through a 5 mm x 5 mm collimation 
aperture and a 7 mm x 9 mm anti-scatter aperture positioned 508 mm and 318 
mm before the target position respectively. The size of the primary collimation 
aperture was determined according to the computer beam optics calculations for 
the beam-line with a 2 mm diameter focus at the target position. This aperture 
thus served to define the beam emittance. An anti-scatter shield protected the 
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Beam 
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Collimator 
7mmx9 mm 
Anti-Scatter 
I 
Anti-Scatter 
Shield 
Telescope 2 
Telescope 1 
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To 
Faraday 
Cup 
Figure 3.3: Schematic diagram illustrating the layout inside the 2 metre scattering 
chamber at the A.N. U. as used for the experiment. 
I 
Target I 
Position 
1 
2 
3 
4 
5 
6 
Target 
Description 
380 f..Lg cm-2 12C 
350 f..Lg em - 2 9Be 
Blank 
2 mm Diameter Hole 
150 f..Lg cm-2 197 Au 
300 f..Lg cm-2 7Li2160 + 10 J.Lg cm-2 12C 
Table 3.5: Summary of the targets housed in the Geneva wheel during the exper-
iment. The actual composition of the lithium oxide target as deduced from the 
Rutherford Back-Scattering (RBS) analysis has been discussed in section 3.3.3. 
detectors from damage due to particles scattered by the apertures or earlier in 
the beam-line. Both the collimation and anti-scatter apertures were electrically 
insulated from the chamber walls and signals taken from each were read by am-
meters in the control room. An ammeter also monitored the signal in the Faraday 
cup located at the exit of the scattering chamber thus providing a measure of the 
beam current. 
Initial beam tuning was achieved with the blank frame positioned along the 
beam axis. Quadrupole lenses located along the beam-line leading into the cham-
ber provided both vertical and horizontal steering of the beam. These were ad-
justed with the aim of minimising the beam current falling on the collimation 
aperture while maximising the current in the Faraday cup. The procedure was 
then repeated with the 2 mm diameter hole of the Geneva wheel positioned along 
the beam axis, ensuring that the focus occurred at the target position with a 
beam spot size better than 2 mm x 2 mm. 
The two hybrid detector telescopes (described in detail in the following sec-
tion) were mounted on separate movable arms capable of rotating independently 
around the target position. These arms were moved by a remotely controlled 
.... ----- -----------------------
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Figure 3.4: Schematic diagram illustrating a cross section through a gas-silicon-
scintillator hybrid detector telescope. 
stepper motor and clutch mechanism with the angular position of each arm given 
by a shaft encoder with a digital readout. The distance from the target to the 
front face of the PSSSD's within the hybrid detector telescopes was 170 mm. 
3.5 Hybrid Detector Telescopes 
The detection of charged particles from reactions was achieved by two gas-silicon-
scintillator hybrid detector telescopes. The design of these telescopes is similar 
to the gas-silicon hybrid telescopes [59, 202] used in previous CHARISSA experi-
ments with the addition of a Csi(Tl) scintillation section. A cross section through 
a hybrid detector telescope is shown schematically in figure 3.4. The main body of 
the detector casing is comprised of two stainless steel sections with 5 mm flanges 
at either end. A back-plate machined from 10 mm thick solid material seals the 
rear of the detector and accommodates all electrical and gas connections. The 
front of the detector is sealed by a 40 mm x 40 mm gas-tight mylar window held 
on a 5 mm wide frame. The separate sections are bolted together and sealed by 
"0" rings. 
Particles enter the hybrid telescope through the 3.5 J.Lm thick mylar window 
and deposit some part (6.E) of their energy in the gas ionisation chamber where 
a signal is produced at the anode. A Position Sensitive Silicon Strip Detector 
(PSSSD) located within the gas volume measures the residual energy and position 
of the ionising event. A Csi(Tl) scintillating crystal situated directly behind the 
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PSSSD and coupled to a photodiode readout enables the detection of energetic 
light particles which penetrate the silicon wafer of the PSSSD. The operation of 
each of the three detection stages is described in the following sections. 
3.5.1 Gas Ionisation Chambers 
The gas ionisation chambers contained a ""50 n1m thick gas volume cycled with a 
continuous flow of propane and maintained at a fixed internal pressure of "-'60.8 
torr. The gas flow and pressure were monitored by an electronic valve and feed-
back system. An anode grid constructed on a standard Printed Circuit Board 
(PCB) approximately 45 mm x 45 mm in area was situated midway through the 
gas volume ""25 mm behind the front window and .....,25 mm in front of the PSSSD. 
The grid contained gold plated tungsten anode wires of 20 J-Lm diameter spaced 
at 1 mm intervals and arranged horizontally and parallel to both the detector 
plane and the strips in the PSSSD. The presence of these wires had a shadowing 
effect on the active area of a hybrid telescope which reduced the overall detection 
efficiency for a single telescope by ""2%. For coincident detection in two telecopes 
the detection efficiency was thus reduced by ｾＴｓＢｦＮ＠
An earth ring placed ""3 mm in front of the PSSSD provided a ground plane to 
shape the electric field within the ionisation chamber ensuring a uniform charge 
collection. The mylar window was earthed via a layer of aluminium evapo-
rated onto the inner surface providing a ground plane at the entrance to the 
detector. The bias and signal extraction circuit for the ionisation chambers is 
shown schematically in figure 3.5. The recommended operating field strength of 
2 V cm-1 torr-1 [201, 202] was provided by a +300 V bias applied to the anode. 
The gas ionisation chamber behaves as a capacitance C coupled to the char-
acteristic resistance R of the pre-amplifier forming a circuit with a time constant 
RC. Gas molecules ionised by the passage of radiation through the gas cham-
ber produce electrons which drift under the influence of the electric field towards 
the anode and positive ions which drift much more slowly towards earth. The 
movement of these charges across the capacitance C induces a voltage across 
the electrodes which forms the signal measured at the anode. This signal is 
de-coupled from the bias supply by a capacitor and fed into a charge sensitive 
pre-amplifier. A high pre-amplifier gain of 100 mY/MeV compensates for the rel-
atively few charge carriers produced due to the low energy (typically only a few 
1vle V) deposited by a heavy ion passing through the gas chamber and the rela-
tively large energy of ""25 eV 1 required to produce an ion pair from a propane gas 
molecule. The pre-amplifiers were operated with a decay time constant of 50 J-LS 
1The average energy (W-value) required to produce an ion pair in ethane is rv25 eV [69] {the 
precise value is dependent on the ionising particle) and that for propane is expected to have a 
similar value. 
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Figure 3.5: Schematic diagram showing the bias and signal extraction circuit for 
the gas ionisation chambers. 
and accommodated a separate input for test pulses. The decay time limited the 
count rate to I"V10 kHz and was the limiting factor for the count rate attainable 
with the hybrid detector telescopes. Since the electrons drift I"V 103 times more 
rapidly than the positive ions, a higher count rate may be achieved by choosing a 
shaping time longer than the electron collection time but much shorter than the 
ion collection time such that the latter do not contribute to the measured signal. 
The recommended amplifier shaping time of 2 ps [201, 202] was used. 
The magnitude of the signal at the anode is proportional to the charge pro-
duced due to ionisation and thus to the energy deposited by the incident ions. 
Previous tests on gas-silicon hybrid detectors (201, 202] have found excellent 
linearity between the signal height and the predicted energy loss in the gas vol-
ume. An energy resolution of 650 ke V FWHM has been measured for elastically 
scattered 12C ions depositing I"V4 MeV [59] and was found to be dominated by 
electronic noise [201, 202]. This resolution is sufficient for purposes of particle 
identification. However, during event reconstruction the energy deposited by the 
ions in the gas may be calculated more accurately from the energy measured in 
the PSSSD's [59, 60} (discussed in section 4.2.2). The actual energy straggling 
rather than the energy resolution of the ionisation chambers will thus become the 
limiting resolution in the energy measurements of the incident ions. 
An axial arrangement (field lines parallel to the direction of the ionising radia-
tion) has been chosen to ensure independence between the electron drift time and 
the signal height and timing. It has been found however that the signal height 
when mapped over the face of the detector possesses a position dependence of 
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rv4 - 8% [201, 202] attributed to distortion of the field lines due to the asymmet-
ric casing of the hybrid telescopes. This variation of signal height with position 
is comparable to the intrinsic noise-lin1ited energy resolution and only a small 
improvement may be obtained by correcting for the position dependence. 
3.5.2 Silicon Strip Detectors 
The operation of a semiconductor detector relies on the depletion region formed 
when P-type and N-type materials are brought together. The initial charge 
imbalance at the P-N junction causes nearby electrons and holes to be s·wept 
towards the N-type and P-type 1naterials respectively. The concentration of 
electrons and holes in the vicinity of the junction is thus greatly suppressed and 
the region is said to be depleted of charge. Since the only significant charges 
remaining are the fixed ionised donor sites and filled acceptor sites which do not 
contribute to conductivity, the depletion region exhibits a very high resistivity and 
an electric field will exist across this region where charge imbalance is significant. 
The depletion region forms the active volume of the detector. The natural 
potential difference across the junction may be enhanced by applying a reverse 
bias thus increasing the spatial extent of the depletion region. If sufficient re-
verse bias is applied then the depletion region may extend through virtually the 
entire volume of the semiconductor and the detector is said to be fully depleted. 
Increasing the reverse bias further leads to a constant increase in the electric field 
throughout the entire detector. The passage of radiation creates electron-hole 
pairs which are swept out of the depletion region by the electric field and form 
the basic electric signal collected at the surface contacts. 
The PSSSD's housed within the hybrid telescopes were custom built by Hama-
matsu Photonics. They were manufactured from a pure N-type silicon substrate 
of 50 mm x 50 mm surface area and rv500 Jlm thickness. With a mask segregat-
ing the front surface into 16 visible strips, a thin P-type region was formed by the 
implantation of accelerated boron ions. By adjusting the ion implantation dose, a 
resistive boron layer was formed at the front face to provide the electrical contact: 
An annealing step was then performed to reduce the effects of radiation damage 
(section 4.1. 7) caused by the incident boron ions and electrical connections were 
made at both ends of each individual strip at the front face. A low resistance 
aluminium layer evaporated onto the rear face formed the electrical contact at 
theN-type side of the junction. The result is a 50 mm x 50 mm silicon detector 
with the front face segmented into 16 parallel strips each measuring 50 mm x 
3 mm with a resistance of ("'V3 kO between each end. These resistive strips act 
as potential dividers for the collected charge. This charge is divided between the 
signals at the two ends of the strip depending on the position of the ionising 
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Figure 3.6: Schematic diagram illustrating the bias and signal extraction circuit 
for a Position Sensitive Silicon Strip Detector (PSSSD). 
event. The high doping level of the P-type layer compared to that of theN-type 
crystal causes the depletion region to extend primarily into theN-type side of the 
junction. A surface layer of undepleted P-type material may thus exist outside 
of the depleted region. This is insensitive to ionising radiation and represents a 
surface dead layer or window through which radiation must pass before reaching 
the active volume of the detector. 
The bias circuit for the PSSSD's is shown in figure 3.6. A positive + 150 V 
bias applied to the rear face via a simple de-coupling network ensured that the 
detectors were fully depleted throughout their wafer depth of ""'500 J.Lm. The strips 
at the front face were connected to earth via 100 kD resistors which provided a 
direct path for leakage currents to ground. The leakage currents were observed 
to rise from ""'1.7 J.LA to ""'5.5 J.lA during the course of the experiment due to 
radiation damage suffered by the PSSSD's (section 4.1.7). However, the voltages 
dropped over the bias and earthing resistors were no more than 1.0 V. Signals 
were taken from each end of a strip and fed into charge sensitive pre-amplifiers of 
similar design to those used for the gas ionisation chambers. A lower gain of 10 
m V /MeV was used due to the higher energy (typically 10-100 MeV) deposited 
by ions in a PSSSD and the low energy of rv3.6 e V [70] required to produce an 
electron-hole pair in silicon. These preamplifiers also accommodated a separate 
input for test pulses. The 470 n resistors in figure 3.6 produced an offset in 
the charge division seen by the pre-amplifiers. This ensured that ionising events 
occurring near one end of the strip produced a large enough signal at the opposite 
end to overcome the threshold levels of the main amplifiers. The PSSSD's were 
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orientated with the strips running parallel to the detector plane and anode wires 
in the ionisation chambers. The energy deposited by the incident ions in a PSSSD 
is proportional to the sun1 of the signals at the two ends of a strip, 
EneTgy ex H + L (3.4) 
where Hand L denote the signals obtained at the High and Low angle ends of a 
strip respectively. The position of the ionising event along the length of the strip 
is given by the difference between these signals divided by their sum, 
H-L 
Position = H + L (3.5) 
and can take values in the range ±1. Strip detectors of similar design have been 
found to achieve energy resolutions approaching 200 ke V FWH:NI as measured 
for 84 ivieV 12C ions elastically scattered from a 197 Au target [59]. An in-plane 
(parallel to the strips) position resolution of (0.19 ± 0.10) mm has been measured 
[59, 163] while the out-of-plane (perpendicular to the strips) position resolution 
is determined by the 3 mm width of each strip. 
3.5.3 Csi(Tl) Scintillation Detectors 
The scintillation detectors [46] located behind the PSSSD's were constructed from 
a solid piece of caesium iodide crystal which had been thallium activated, Csl(Tl), 
to create luminescence centres in the crystal lattice. Each crystal had a front face 
area of 50 mm x 50 mm and a depth of 10 mm capable of stopping 52 MeV 
protons or 205 MeV a-particles. The crystals tapered down for a further 15 mm 
to an area of 18 mm x 18 mm where a 83204-03 photodiode was glued. The 
crystal thus acted as its own light guide. The visible surfaces of the crystals were 
covered by a 6 J.Lm layer of aluminised mylar to assist light collection and exclude 
external light. A built-in high gain FET (Field Effect Transistor) pre-amplifier 
was mounted on a PCB next to the photodiode and powered by a ±12 V bias 
supplied via the back-plate of the hybrid casing. These pre-amplifiers provided a 
gain of "'6 m V /ivle V. A +30 V bias was applied to the photo diode. 
At the energies encountered in the present experiment heavy ions with Z 
2: 6 were stopped in the PSSSD and did not produce a signal in the Csi(Tl) 
crystal. In Heavy-Ion mode the scintillators were thus used solely to veto pile-up 
events due to energetic light particles which penetrated through the PSSSD in 
coincidence with low energy heavy ions stopped within the gas ionisation chamber. 
The inclusion of the scintillation section also allowed the hybrid telescopes to 
operate in a Light-ion mode. For light particles with sufficient energy to produce 
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a signal in the Csi (Tl), particle identification is achieved with energy loss ( LlE) 
information provided by the PSSSD 's. 
Between the PSSSD and the Csi(Tl) crystal there exists a dead-region com-
prising the rear contact of the PSSSD, the intervening gas volume of ""4 mm 
depth and the 6 J.-Lm mylar window. Light particles penetrating the depleted re-
gion of the silicon wafer could have insufficient energy to reach the Csi(Tl) crystal 
and could stop in the dead-region. This is addressed in a detailed discussion of 
the performance of the Csi(Tl) scintillation section for detection of a-particles, 
reserved until chapter 5. 
3.6 Optical Alignment Measurements 
The hybrid detector telescopes were initially mounted inside the scattering cham-
ber with the mylar windows removed. A section of the beam tube leading into 
the chamber was removed and an optical telescope was mounted on a surveyed 
base and looked along the optical axis of the beam. The optical telescope was 
aligned along the beam a.xis such that the cross-hairs visible through the eyepiece 
were centred on the 2 mm diameter hole placed at the target position. The hy-
brid detector telescopes were individually rotated through the optical beam axis 
and the angular positions corresponding to the visible edges of the PSSSD's were 
measured. The visible (in-plane) angular widths of the PSSSD's were evaluated 
and found to correspond to 16.0° and 15.8° for telescopes 1 and 2 respectively. 
These values related to widths of 47.8 mm and 47.2 mm which were slightly less 
than the 50 mm width of a lone PSSSD due to the shadowing effect of the hybrid 
casing on the extreme edges of the strips. 
The detector telescopes were also found to possess slight vertical offsets with 
respect to the beam axis. These offsets were determined by counting the number 
of strips above and below the cross-hairs of the optical telescope. Using this 
method telescopes 1 and 2 were estimated to be offset by "-'(3.0±0.5) mm (i.e. 
""1 strip) and "-'(4.0±0.5) mm (i.e. >1 strip) above the beam axis respectively. 
3. 7 Signal Processing 
3.7.1 Analogue Electronics 
The outputs of the charge sensitive pre-amplifiers were sent to the main CHARISSA 
CE302 spectroscopic amplifiers. A shaping time of 1.5 J.-LS was used for the PSSSD 
signals and a 2 J.-LS shaping time was used for the gas ionisation chamber and 
Csi(Tl) scintillator signals. The analogue bipolar outputs from the main ampli-
fiers were passed to individual channels of 8-channel Silena 4418/V Analogue-to-
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Digital Converter (ADC) units. A gate signal provided by the Data Acquisition 
system (section 3.7.3) placed the ADC's into peak-detect-mode whereupon the 
peak amplitude of the analogue input pulse was digitised. Each ADC provided 
a total of 3840 channels ( 4096-256) over a dynamic range of 100 m V to 10 V. 
Each amplifier also generated a fast Nil\11 logic signal from the leading edge of the 
bipolar pulse. These signals provided timing information and were passed to the 
logic electronics where on-line event selection was performed. 
3. 7.2 Logic Electronics 
The logic electronics circuit for telescope 1 is shown schematically in figure 3.7. An 
identical circuit was constructed for telescope 2. The logic electronics identified 
interesting events whereupon a signal was sent to the strobe-in FIFO (Fan In Fan 
Out) unit which triggered the data acquisition system. The five types of event 
selected by the logic electronics were classed as, 
• Heavy-ion+ Heavy-ion coincidence 
• Heavy-ion+ a-particle coincidence 
• Heavy-ion+ 8Be(2a's) coincidence 
• Heavy-ion singles 
• Pulser events 
The heavy ion singles data included elastically scattered beam particles which 
were used for calibration of the detector signals and diagnostics in off-line analysis. 
Since the primary reaction channels of interest corresponded to the coincident 
detection of two heavy ions, the latter four types of event were scaled down 
during the main reaction runs by rate dividers in order to reduce the dead-time 
to heavy ion coincidences. 
A heavy ion (HI) event within a telescope was defined by coincident signals 
in the gas ionisation chamber and a single strip of the PSSSD. These events 
were determined by the "gas-silicon" coincidence units. Energetic a-particles 
however could lose insufficient energy in passing through the gas chambers to 
produce a signal above the amplifier threshold. An a-particle event was thus 
defined by a signal in the PSSSD without the requirement of a signal in the 
gas ionisation chamber. Similarly, a 8Be event corresponding to the coincident 
detection of two a-particles in separate strips of a single PSSSD was defined by 
signals in more than one strip without the requirement of a signal in the ionisation 
chamber. Coincidences between telescopes were identified by three coincidence 
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Figure 3. 7: Schematic diagram illustrating the logic electronics used for the 
present experiment. The circuit shown corresponds to that for telescope 1 (T1). 
An identical circuit (not shown) was constructed for telescope 2 (T2). 
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units corresponding to "HI + Hr', "HI + a/8Be'' and "a/8Be + HI" events 
respectively. 
The fast NI:NI signals from the main amplifiers serving the gas ionisation 
chambers were sent to octal shapers which stretched the pulse to 400 ns. Two 
output signals were extracted, one of which was delayed by 800 ns using two logic 
delay units and provided the STOP signal for the corresponding Time-to-Digital-
Converter (TDC). The second output was sent to one input of the "gas-silicon" 
coincidence unit. The 400 ns pulse width was necessary to overcome any time 
variation in the pulses from the ionisation chamber due to fluctuations in the 
electron drift time. 
The logic signals from the main amplifiers serving each end of a strip in the 
PSSSD were fed into a FIFO unit which produced an output if either or both ends 
of the strip had generated a signal. An octal shaper unit stretched the output 
from the FIFO to a 400 ns pulse which was fed into the multiplicity unit. The 
400 ns pulse width was again necessary to overcome any time variation in signals 
from the PSSSD due to differing energies amd positions of incidence along the 
strips. A second signal taken from the octal shaper was delayed by 800 ns and 
provided the STOP signal for the corresponding TDC. The sixteen logic signals 
from the sixteen individual strips of the PSSSD were each fed into the multiplicity 
unit. This unit determined the number of overlapping signals present at the input 
and hence the number of strips (i.e. multiplicity) which had recorded a signal. 
Two output signals were extracted from the multiplicity units. The first output 
was produced with an amplitude ( n x 50 m V) proportional to the multiplicity 
(n) at the input and was sent to an upper level discriminator which only passed 
signals corresponding to a multiplicity of "1". A FIFO split this output into 
two signals which would correspond to candidate heavy-ion and a-particle events 
respectively. The signals relating to candidate a-particle events were scaled down 
by a rate divider and passed via a FIFO and octal gate generator (again stretching 
the pulse width to 400 ns) into the "a/8Be + HI" coincidence unit. The second 
signal relating to candidate heavy ion events was also stretched to 400 ns and 
provided the second input to the "gas-silicon" coincidence unit. The output of the 
"gas-silicon" coincidence unit corresponding to a heavy ion event in the telescope 
was split by a FIFO and sent to the inputs of the "HI+ HI" and "HI+ a/8Be" 
inter-telescope coincidence units. A scaled down signal (1/n) was sent directly to 
the strobe-in FIFO enabling heavy ion singles data to be recorded. 
A second output was produced by the multiplicity unit whenever the multi-
plicity at the input was greater than "1" and this provided the signature for a 
candidate 8Be (--+ a+a) event. This too was scaled down by a rate divider and 
sent to the "a/8Be + HI" coincidence unit. The outputs of each of the three 
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inter-telescope coincidence units were sent to the strobe-in FIFO and to individ-
ual CAMAC scaler counters which kept track of the total number of each type of 
event recorded. 
The circuit for the scintillation detectors is shown in the upper part of fig-
ure 3. 7. These detectors did not participate in the event selection, however the 
corresponding ADC and TDC STOP signals were automatically recorded when-
ever an interesting event had been identified by the logic electronics. 
The pulser circuit is shown in the lower part of figure 3.7. The Brookhaven 
Current Integrator (B.C.I.) summed the current collected in the Faraday cup 
(F /C) at the exit to the scattering chamber. An output pulse was produced 
whenever the integrated current reached a value equivalent to 10-3 times the full 
scale deflection on the B.C.!. ammeter. The total number of pulses produced 
during a running period thus provided a measure of the beam exposure. The 
pulser data also provided a means to check for any gain drifts occurring between 
the input to the pre-amplifiers and the corresponding ADC output (section 4.1.6). 
The output from the B.C.I. was scaled down by a rate divider and CAMAC scalers 
were incremented to record the number of pulses before and after the scale down. 
The rate divided output was sent to a FIFO which provided four outputs each 
of which were used to trigger individual Laben pulser units. The output pulses 
from these units were sent to the test inputs of the pre-amplifiers corresponding 
to the scintillators, gas ionisation chambers and the two PSSSD's respectively. 
Due to the internal circuitry within the pulser units, the delay between the trigger 
input and the pulser output may vary between individual units. In extreme cases 
this may lead to pulses from different units generating their own separate events. 
To avoid problems arising from such situations, an output was taken from each 
pulser unit and sent to a common FIFO. An output was thus produced whenever 
any of the pulser units generated a pulser event and was sent directly to the 
strobe-in FIFO. A second signal sent via a Dual Gate Generator was split by a 
logic FIFO and provided the pulser-veto signals sent to each of the three inter-
telescope coincidence units. This prevented any coincidence data from being 
processed during a pulser event. 
3.7.3 Data Acquisition System 
Data Acquisition was performed by the event manager (EM4) which was based on 
a CAMAC backplane. A fast ECL FERA (Fast Encoding and Readout ADC's) 
environment was utilised to transfer data between the various components of the 
eventmanager which were co-ordinated by the Event Control Module (ECM). 
Processing of each event was initiated by a strobe-in pulse triggered by the logic 
electronics. A number of strobe-out signals were then generated as shown schemat-
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Figure 3.8: Schematic diagram illustrating the strobe-out signals generated by 
the Data Acquisition system whenever an interesting event had been identified 
by the logic electronics. 
ically in figure 3.8. The first of these was stretched to 10 J.LS by a gate generator 
and provided the gate-in signal which enabled the peak-detect-mode of the Silena 
ADC units. The duration of the gate ensured that the peak of the bipolar signals 
from the main amplifiers arrived at the ADO input before the end of the gate. 
The second strobe-out signal generated a logic pulse that went high for 2 J.LS during 
which time the TDO units were enabled. A third strobe-out signal provided the 
common start for the TDO's. This was delayed by 30 ns to ensure that it arrived 
after the TDC units had been enabled. The rate and total number of strobe-out 
signals was monitored by a rate meter and CAMAC scaler respectively. 
The TDO stop signals were ｰｲｯｾｩ､･､＠ by the logic signals taken from the re-
spective amplifiers as described in section 3.7.2. Each of these signals had been 
delayed by 800 ns to ensure that these arrived at the TDC units after the common 
start signal. 
Bipolar signals from the main amplifiers passing over the ADC d.c. threshold 
and arriving during the gate-in signal appear as digital numbers at the FERA 
output port once the gate-in signal has ended and the ADO's have converted. The 
ADC conversion time is 4 f.LS per channel and the 8 channels within a module 
are converted sequentially such that the conversion is complete in 32 J.LS. The 
ECM then sends a write-enable signal to the first ADC module in the ECL chain. 
The data at the outputs of the 8 channels within the module is then passed 
sequentially to the ECM which checks that the data is valid, i.e. exceeds the 
pre-set threshold value and the overflow (data out of dynamic range of ADC) bit 
had not been set. Valid data is then passed and written into the cache memory 
within the Data Stack. When all 8 ADC channels within an ADC module have 
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been read out the module sends a write-enable signal to the next module in the 
chain and the process is repeated. 
vVhen all ADC modules have been read out the EC1vl examines the trigger 
link panel to determine which TDC channels are to be included in the event and 
constructs a header word and the appropriate number of hit words. The header 
word contains information regarding the number of hit words to follow and the 
total number of words in the event ( =header word+ hit words +data words) . 
The hit words contain 16 bits, each representing an ADC or CA1viAC channel 
with the respective bit set to "1" if the channel appears in the event. Each header 
word can accommodate four hit words thus imposing a limit of 64 data channels 
per header word. For experiments involving more than 64 channels as in the 
present case, a combination of header words is used. 
Event packaging is accomplished by the Read and Store Module (RSl\11) which 
contains two buffer stores and a further memory block enabling the unit to read 
data directly from addresses within the CAMAC crate, i.e. Data Stack and 
TDC's. The header and hit words are passed from the EC1vi to the next available 
memory location within the RSNI whereupon the hit words are scanned. Upon 
locating a non zero bit the RSivi extracts the corresponding data from the Data 
Stack or relevant CAMAC module and loads it sequentially into memory following 
the header and hit words. After rv90 J-lS (depending on the number of channels 
included) the process is complete and the ECM sends master-reset signals to the 
ADC and TDC units. The Data Acquisition system is then ready to receive the 
next event. 
The RSM continues to store event-by-event data until the active memory store 
is filled beyond a preset High- Water-Mark (HWM). At this point, the module 
switches to the other store and simultaneously raises a Look-At-Me (LAM) flag. 
This flag is acknowledged by the Serial Crate Controller (SCC) which enables 
the stored data to be read out from the RSM and passed to a GEC emulator 
installed in a ViviE crate. This processor provides the interface between the data 
acquisition system and the tape drives where the data is written to Exabyte 
magnetic tape for off-line analysis. 
The ratio of strobe-out to strobe-in pulses provides a measure of the dead-time 
of the data acquisition system. A more detailed discussion of the data acquisition 
system and the individual components has been given by Freer [85]. 
3.8 Summary of Data Collection Runs 
At the start of the experiment a series of calibration runs were performed. These 
would provide data necessary to evaluate the calibration and correction param-
eters required to convert signals from the PSSSD's into meaningful energy and 
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Ions 
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12C 
160 
160 
I ｾＺｧ＠ I 
Beam Energy 
(l\!IeV) 
54.41 
85.0 
63.75 
91.8 
91.8 
85.0 
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X 
X 
X 
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ｉｾ＠ I 
Table 3.6: Summary of the calibration runs carried out at the start of the ex-
periment. The latter two runs were repeated at the middle and end of the main 
reaction runs. 
position information. These runs comprised beams of 12C and 160 ions scattered 
from a 150 f-Lg cm-2 197 Au target for which the hybrid detector telescopes were 
centred at 20° on either side of the beam axis. The calibration runs are sum-
marised in table 3.6. The beam species chosen were those to be detected in the 
main reaction channels enabling an accurate set of calibration parameters to be 
obtained for each ion species. Calibration data were obtained at two beam en-
ergies for each ion covering the expected energy range of the fragments detected 
in the reaction data. No gas was present in the ionisation chambers during these 
runs thus avoiding uncertainties due to energy loss and straggling of the ions in 
passing through the gas volume. During these calibration runs, the rate dividers 
of the logic electronics (section 3. 7.2) were set such that all singles events were 
written to tape. The signals generated by coincidence events between telescopes 
were removed from the input to the strobe-in FIFO and thus these events were 
not recorded. 
Following the initial set of calibration runs, gas was introduced into the de-
tectors and further calibration data were taken with beams of 85.0 MeV 12C and 
91.8 MeV 160 ions (table 3.6). These runs were performed at the start of the 
experiment and repeated at the middle (between the LiCO and 9Be target runs) 
and end of the main running period. This data allowed the detectors' perfor-
mance to be monitored during the experiment providing information regarding 
the radiation damage suffered by the PSSSD's (section 4.1.7). Following the in-
troduction of propane gas into the detectors, one of the signals from strip 16 on 
the PSSSD for telescope 2 was lost, apparently due to a loose connection. This 
prevented any meaningful data from being recovered for this strip. 
The main reaction runs utilised a 170 MeV 24Mg beam incident on targets 
of 12C, LiCO (i.e. composite target containing 7Li, 12C and 160 nuclei) and 9Be 
with the hybrid detector telescopes centred at 16° on either side of the beam axis. 
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Target Duration Average Current Integrated Charge 
(hours) (enA) (mC) 
12c 14!. rv5 0.242 
"LiCO" 321 I'V5 0.602 2 9Be 30 rv3 0.361 
Table 3.7: Summary of the average beam current, beam exposure and duration 
for bombardment of each of the reaction targets with the 170 J:vieV 24 J:vig beam. 
The total beam exposure obtained with each of the targets was evaluated from 
the total number of pulser events, as recorded by the respective scaler counter 
(section 3.7.2), and corrected for the dead-time of the data acquisition system 
(typically I'V5%) deduced from the ratio of strobe-in to strobe-out pulses. The 
beam exposures and average beam currents during bombardment of each of the 
reaction targets are summarised in table 3.7. 
The rate at which the hybrid detector telescopes could operate (without pile-
up) was limited to I'V10 kHz by the gas ionisation chambers (section 3.5.1). This 
limited the beam current incident on the reaction targets. In addition, the rate at 
which data could be recorded (i.e. the strobe rate) was limited to I'V1 kHz by the 
data acquisition system in order to maintain an acceptable dead-time. During 
the main reaction runs, the rate dividers of the logic electronics (section 3.7.2) 
were set such that all "HI+ HI" coincidence events were written to tape. Events 
corresponding to candidate "HI+ af8Be" coincidences and heavy ion singles data 
were scaled down by rate dividers to ensure that the strobe rate was kept within 
the limit imposed by the data acquisition system. These rate dividers were set 
such that 1 in every 103 heavy ion singles event was written to tape. Similarly, 
1 in every 103 candidate "HI + af8Be" event was initially recorded. This ratio 
was increased during the experiment, partly due to the decrease in beam current 
resulting from corrosion of the 24 Mg sputter cone, allowing 1 in every 20 candidate 
"HI + af8Be" event to be recorded without increasing the dead-time to "HI + 
HI" coincidences. 
Chapter 4 
Data Analysis 
The off-line analysis of the data was performed on a SUN workstation. The 
event-by-event data was read from Exabyte tape via a software package known 
as SUNSORT [15] which has been developed by the CHARISSA collaboration. 
This program unpackages the data for each event from tape and provides the 
user interface. The sorting operations applied to each event were defined by the 
author via a sort-code written in Fortran77 which operated within SUNSORT 
and manipulated the data from the ADC and TDC outputs allowing each event 
to be reconstructed. 
The first stage in the off-line data analysis was the evaluation of the cali-
bration parameters and corrections required to convert the raw ADC values into 
meaningful energy and position information. This is described in the first part 
of this chapter (section 4.1). The event-by-event reconstruction of the reaction 
data formed the second stage of the data analysis. The particle identification 
techniques and energy loss corrections applied to the ion energies are described 
in section 4.2. In order to verify that the calibrations and corrections had been 
correctly determined, the 12C(24Mg/2C 12C)12C reaction was analysed for com-
parison with the results of previous experiments [96, 140]. The analysis of this 
reaction channel is discussed in detail in section 4.3. 
4.1 Calibrations and Corrections 
4.1.1 ADC Non-Linearities 
To allow correction for any non-linearities and offsets due to the ADC's and ampli-
fiers associated with the PSSSD signals, pulser data were taken before the start of 
the experiment. A high precision pulser unit was used to apply a series of known 
voltage pulser signals to the test inputs of the pre-amplifiers associated with the 
ends of each strip. The amplitude of the pulser voltage was incremented in steps 
covering the dynamic range of the ADC's while allowing sufficient statistics to 
accumulate during each voltage setting. Since the Silena ADC's are particularly 
107 
CHAPTER 4. DATA ANALYSIS 
5000 
4000 
-E 3000 
::::l 
0 () 2000 
1000 
0 
(a) 
0 1000 2000 3000 
ADC Channel Number 
108 
ＸＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
7 (b) 
2: 6 
<D fJ>5 
-0 4 
> 
(D 3 
.!!1. 
::::J 2 
a. 
1 
ｯｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭｾ＠
0 1000 2000 3000 
ADC Channel Number 
Figure 4.1: (a) Spectrum showing the typical ADC response to a series of known 
voltage pulses and (b) a 5th order polynomial fit to the ADC response curve. 
susceptible to non-linearities at low channel numbers, the pulser voltages were 
closer spaced over this low energy range. The procedure results in a series of peaks 
in the ADC spectra as shown in figure 4.1(a). The centroid channel number of 
each peak was determined from a Gaussian fitting routine within BUFFIT [44] . 
These centroid values were then plotted as a function of the pulser voltage to ob-
tain the ADC response curve, as shown in figure 4.1(b). A 5th order polynomial 
fit was applied to the response curve for each ADC allowing the equivalent input 
voltage to be obtained from the raw ADC signals. These polynomial corrections 
were applied in subsequent data analysis thus removing non-linearities and offsets 
between the input to the pre-amplifiers and the outputs of the ADC's. 
4.1.2 Vertical Offsets 
The measurements taken with the optical telescope (section 3.6) had found the 
hybrid detector telescopes to be vertically off-centre with respect to the beam 
axis. A more accurate measurement of these offsets was obtained off-line by 
analysing the elastic scattering calibration data. A strip in a PSSSD was defined 
to contain interesting data if both ADC's corresponding to each end of the strip 
contained a non zero value. The multiplicity of events within a single telescope 
was then determined by the number of strips containing interesting data for a 
given event. A multiplicity of "1" in one of the telescopes was then a signature 
of an elastic scattering event. 
For each of the calibration runs described in table 3.6 the number of elastic 
scattering events recorded in each strip was plotted as a function of the strip 
number for each telescope. Figure 4.2 shows the data obtained with the 63.75 
MeV 160 beam taken before introducing gas into the detectors. Here, strip 1 on 
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Figure 4.2: The total number of elastic scattering events as a function of strip 
number obtained from the data taken with the 63.75 MeV 160 beam for (a) 
telescope 1 and (b) telescope 2. The dotted curves indicate 3rd order polynomial 
fits to the data. 
telescope 1 corresponds to the top-most strip above the beam axis while strip 1 
on telescope 2 corresponds to the bottom-most strip below the beam axis. The 
number of elastic scattering events per strip is seen to drop towards the top and 
bottom edges of the PSSSD's due to the decrease in the Rutherford scattering 
cross section with increasing scattering angle [188]. A 3rd order polynomial fit 
applied to the data allowed the positions of the maxima corresponding to the 
beam axis to be evaluated. The vertical offset was then given by the difference 
between these values and the centre of the PSSSD occurring midway between 
strips eight and nine. 
An average taken over all calibration runs found telescopes 1 and 2 to be 
off-centre above the beam axis by 1.16 and 1.34 strips respectively where the un-
certainties were estimated to be I"V0.1 strips. These values related to (3.63±0.30) 
mm and (4.19±0.30) mm and were in good agreement with the measurements 
taken with the optical telescope. 
4.1.3 Strip Detector Calibration 
Calibration of the silicon strip detectors (PSSSD's) was achieved from analysis of 
the calibration data taken with no gas present in the hybrid detector telescopes 
(table 3.6). The relatively light ions (12C and 160) incident on a heavy 197 Au 
(high Z) target result predominantly in elastic scattering of the incident beam 
and produce a nearly mono-energetic flux of scattered ions striking the detectors. 
A slight decrease in energy with increasing scattering angle is expected from 
two-body kinematics and can be accurately calculated from conservation laws. 
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The gains of the two amplifiers serving the ends of each strip will in general 
be different and these gains must be rnatched before the reaction data can be 
analysed. While setting up the experiment, an approximate on-line gain matching 
was accomplished by feeding pulser signals into the pre-amplifier test inputs and 
adjusting the amplifier gains until all pulses came at approximately the same ADC 
channel number for each amplifier. A more accurate gain matching procedure was 
perfonned in software during off-line analysis and is described below. 
After correction for ADC non-linearities (section 4.1.1) the signals at -the high 
and low angle ends of a resistive strip, denoted by H and L respectively, can 
be related to the charges qH and qL arriving at the inputs to the respective pre-
amplifiers by the relations, 
H 
L 
( 4.1) 
(4.2) 
where 9H and 9L are the gains applied to the charges by the amplifier circuit. 
The offsets due to the amplifier and ADC baselines having already been removed, 
the offsets 0 H and 0 L account for any additional offsets due to dead .layers in 
the detectors. 
Assuming lattice defects and impurities within the bulk of the detector to 
be negligible, a linear energy response is expected from the PSSSD's. The total 
charge collected at the front face of a strip will then be proportional to the energy 
deposited by the incident ion, 
(4.3) 
where k is the constant of proportionality and two new variables have been defined 
as EH = kqH and EL = kqL . Equations 4.1 and 4.2 may then be written, 
H 9H TEH+OH (4.4) 
H 
- GHEH+OH (4.5) 
and, 
L 9L (4.6) 
- kEL+OL 
L - GLEL + OL (4.7) 
where the new set of gain parameters, G H = !lf- and G L = Sf, together with the 
original offsets, OH and OL, directly relate the observed quantities H and L to 
the energy E = EH + EL of the incident ion. 
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Figure 4.3: Schematic diagram illustrating the resistive charge division leading 
to the charges collected at the ends of a single silicon strip. 
Figure 4.3 illustrates the situation for an ion entering a resistive strip a fraction 
p of the distance from the low to high angle end, where RH and RL denote the 
values of the series offset resistors at the ends of the strip and Rs is the strip 
resistance. The total resistance between the position of the hit and the pre-
amplifier at the low angle end is then pRs + RL while that between the hit and 
the pre-amplifier at the high angle end is (1- p)Rs + RH. The charges qH and 
qL arriving at the respective pre-amplifier inputs will then be in the ratio, 
(1-p)Rs+RH (4.8) 
Replacing the absolute values of the offset resistors by their fractional value rela-
tive to the strip resistance such that TH = ｾ｡ｮ､＠ rL = t simplifies equation 4.8 
to, 
(4.9) 
Recalling that EH =E-EL and EL = E- EH, re-arrangement of equation 4.9 
then yields expressions for E H and E L, 
E [ p + T£ l 
1+rH+rL 
E [ 1-p+rH] 
1 +rH +rL 
(4.10) 
(4.11) 
Raw measured energy and raw measured position parameters were defined as 
Em = H + L and Xm = ｾ＠ ｾｦ＠ respectively. From equations 4.5 and 4. 7, these raw 
parameters may be written, 
Em H+L 
- GHEH+GLEL+OH+OL 
- GHE[ p+rL ]+GLE[l-p+rH]+OH+OL 
1 + TH + TL 1 + TH + TL 
( 4.12) 
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Figure 4.4: Schematic diagram illustrating the raw energy (Em) vs position (Xm) 
spectra incremented for each silicon strip (see text). The bold curve indicates the 
locus corresponding to elastic scattering events. The parameters Emo, Xmo, Em1 
and Xm1 as used in the calibration fitting are defined. 
and, 
H-L 
- GHEH- GLEL + OH- OL 
GHE [ p + rL ]- GLE [ 1 - p + rH] + OH- OL (4.13) 
1 + rH + rL 1 + rH + rL 
where the observables Em and Xm have been related to the two parameters E and 
p of the event via six parameters of the detector and electronics, i.e. G H, G L, 0 H, 
0 L, r H and r L. Determination of these latter six calibration parameters would 
then enable the energy E and position p of an ionising event to be evaluated from 
the raw signals Hand L. 
For each calibration run, two dimensional spectra of raw energy vs position 
were incremented for each strip as shown schematically in figure 4.4. The min-
imum and maximum values of Xm were measured, corresponding to particles 
incident at the extreme edges of the strip where p = 0 or 1. For the i-th calibra-
tion run, a set of values E:n0 , x:n0 , E:n1 and x:n1 as defined in figure 4.4 were 
extracted from the data for each strip. 
The angular positions of the edges of each strip relative to the beam axis 
were known from optical telescope measurements (section 3.6) and the vertical 
offsets had been measured (section 4.1.2). For each run, the true energies Eb 
and Ef of the elastically scattered beam ions incident at the edges of each strip 
were calculated from two-body kinematics using the code RELKIN [181]. These 
CHAPTER 4. DATA ANALYSIS 113 
scattered ion energies were then corrected for energy losses in passing through the 
target (assuming the interaction to occur on average midway through the target) 
and the mylar windows of the hybrid telescopes using the energy loss code DEDX 
(67]. The six calibration parameters relating to each individual strip were fitted 
simultaneously to the two sets of experimental values ＨｅｾＬ＠ Ef, E:n0 , x:n0 , E:n1 and 
..,Y:n1) extracted from the two 197 Au target calibration runs ( i = 1 - 2) performed 
at different energies, for each beam species. The fitting procedure is described in 
appendix A. Separate calibration parameters was thus obtained for incident 12 C 
and 160 ions respectively. 
In the subsequent analysis, the energy E of the incident ions was evaluated 
from the observed parameters H and L through the relations, 
EH 
H-OH (4.14) 
GH 
EL 
L-OL (4.15) 
- GL 
E EH+EL ( 4.16) 
Previous experiments have found the position response of silicon strip detec-
tors to be linear [60] and hence the position P of incidence along the strip was 
obtained directly from the relation, 
p = (2rH + 1)EH- (2rL + 1)EL 
EH+EL 
(-1 :s; p :s; +1) (4.17) 
where P = -1 and P = + 1 correspond to an ion incident at the low and high 
angle edges of a strip respectively. The in-plane Bin (parallel to the strip) and out-
of-plane Bout (perpendicular to the strip) angles of the incident particles relative 
to the beam direction were obtained from the relations, 
Bin Ｘｦｾｮｴ＠ + arctan(P tan OR) 
(
h COS Bin) (}out - arctan d 
( 4.18) 
( 4.19) 
where h is the vertical height of the centre of the strip above the beam axis with 
the PSSSD centred a distance d from the target at an (in-plane) angle ｂｦｾｮｴ＠ and 
covering an (in-plane) angular range ±(}R· The absolute scattering angle Bscat 
relative to the beam axis is then given by, 
COS Bscat = COS Bin COS Bout (4.20) 
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4.1.4 Position Dependent Energy Corrections 
Once the calibration parameters had been fitted to the data at the extren1e edges 
of a strip, the energy response of each strip was studied as a function of position. 
Figure 4.5(a) shows a typical energy vs position spectrum obtained for a single 
strip after applying the calibration para1neters described in section 4.1.3 to the 
85.0 :tvieV 12C beam data. A gradual decrease in energy with increasing scattering 
angle is observed as expected from two-body kinematics. However, non-linearities 
in the energy response as a function of position are also observed particularly 
towards the centre of the strip. This is attributed to a ballistic deficit caused by 
the delay-line effect of the resistive front contact. This affects the rise time of the 
signals extracted from the ends of the strip and may lead to incomplete charge 
collection within the integration time of the amplifiers. The signals with the 
longest rise times are those originating near the centre of the strip thus leading 
to the characteristic energy response seen in figure 4.5(a). 
To correct for this effect, elastic scattering events within each strip were binned 
into thirty two equal position slices along the length of the strip. The centroids 
of the elastic scattering energy peaks within each slice were measured. The true 
energies of elastically scattered beam ions incident at the midpoints of each slice 
(Ecatc) were calculated from the kinematics code RELKIN [181] and corrected 
for energy losses in the target and mylar windows of the hybrid telescopes. The 
calculated energy vs position systematics for the 85.0 MeV 12C beam data are 
indicated by the dashed curve in figure 4.5(a). For each position slice, energy 
correction factors Gpos were evaluated where, 
G _ Beale 
pos- EH + EL (4.21) 
Figure 4.6 shows the position dependence of the correction factors evaluated for 
the strip shown in figure 4.5 for (a) the 54.41 MeV and 85.0 MeV 12 C beam data 
and (b) the 63.75 MeV and 91.8 MeV 160 beam data. The similarity in the 
position dependent energy response observed in the four sets of data is apparent. 
For each incident ion species, a linear fit was applied to the correction factors 
( Gpos) for each position slice evaluated at the two beam energies such that, 
( 4.22) 
A separate set of parameters was again obtained for incident 12C and 160 ions 
respectively. The energy calibrations, equation 4.16, were thus modified to, 
(4.23) 
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Figure 4.5: Energy vs position spectra for one strip of a PSSSD (a) before and (b) 
after correction for the position dependent energy response. The data correspond 
to 85.0 MeV 12C ions scattered from a 197 Au target. The dashed curves indicate 
the calculated locus for elastic scattering events. Note that the vertical scale is 
highly expanded. The slight shadowing of the elastic scattering locus is due to a 
small pile-up effect and decreases with increasing scattering angle. 
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Figure 4.6: Position dependent energy correction factors for a single silicon strip 
evaluated from data taken with (a) 54.41 IvieV and 85.0 MeV 12C beams and (b) 
63.75 MeV and 91.8 :rvieV 160 beams. 
Figure 4.5(b) shows the energy vs position spectrum after correction for the po-
sition dependent energy response. 
An example energy spectrum for a calibrated silicon strip as obtained with the 
85.0 IvieV 12C beam data is shown in figure 4.7. The spectrum was obtained with 
a software requirement selecting only those events corresponding to a scattering 
angle of (20±0.1) 0 to restrict the kinematic broadening. The centroid value of the 
elastic scattering energy peak is (83.613±0.003) MeV in good agreement with the 
calculated value of 83.596 MeV. For the 85.0 MeV 12C beam data, the average 
Full Width at Half :rvraximum (FWHM) of the elastic scattering energy peaks for 
scattered ions in telescopes 1 and 2 were 240 ke V and 255 ke V respectively. The 
energy straggling of 85.0 MeV 12C ions scattered through 20° by a 150 J.tg cm-2 
197 Au target was predicted by the code KINK [45] to be 41 ke V FWHM. The 
average energy straggling in the 3.5 J..tm mylar window was similarly predicted 
to be 88 keV FWHM. Subtracting these values in quadrature from the observed 
widths of the elastic scattering energy peaks allowed the intrinsic energy reso-
lutions of the PSSSD's to be evaluated. These corresponded to intrinsic energy 
resolutions of 219 keV and 235 keV FWHM for the PSSSD's in telescopes 1 and 2 
respectively. A similar analysis of the 91.8 MeV 160 beam data found the average 
FWHM of the elastic scattering peaks (again for scattering at (20±0.1) 0 ) to be 
307 keV and 315 keV for telescopes 1 and 2 respectively. Subtracting in quadra-
ture the predicted energy straggling of 91.8 MeV 160 ions in the target (57 keV 
FWHM) and mylar windows (118 keV FWHM) gave intrinsic energy resolutions 
of 278 keV and 286 keV FWHM for the PSSSD's in telescopes 1 and 2. The 
energy resolutions obtained were consistent with those of previous experiments 
involving silicon strip detectors [59, 163]. 
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Figure 4.7: Elastic scattering energy peak obtained for a calibrated silicon strip 
for 85.0 MeV 12C ions scattered at (20±0.1) 0 from a 197 Au target. 
4.1.5 Surface Dead Layer Effects 
The energy response of a silicon detector will in general vary between different ion 
species. This effect, known as the pulse-height-defect, is defined as the difference 
between the pulse height measured for a heavy ion and that for a light particle 
with the same incident energy [82, 158, 170]. The three main contributions to 
the defect [77, 158, 167, 170] arise due to (i) charge carrier recombination, (ii) 
non-ionising nuclear collisions and (iii) ･ｮ･ｾｧｹ＠ losses within the entrance dead 
layer formed at the front surface (section 3.5.2). These effects are discussed in 
appendix B where it is concluded that, in the present data, the pulse height defect 
is expected to arise primarily due to energy losses in the entrance dead layer. From 
an analysis of the elastic scattering calibration data, described in appendix B, 
the thickness of the entrance dead layer was estimated to be (0.62±0.06) J-Lm 
and (0.80±0.08) J-Lm silicon equivalent for the PSSSD's in telescopes 1 and 2 
respectively. 
When incident ions other than 12C and 160 were to be reconstructed, e.g. 
a-particles as discussed in chapter 5, the energy loss of the calibration ion in 
the entrance dead layer was subtracted from the measured energy to obtain an 
estimate of the energy deposited by the detected ions in the depleted region of the 
PSSSD. Following correction for effects such as crosstalk (discussed in chapter 5 in 
relation to multiplicity "2" events), this energy was then corrected for the energy 
loss of the detected ion in the dead layer to obtain the energy upon incidence of 
the PSSSD. 
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Figure 4.8: (a) Pulser peaks in the ADC spectrum corresponding to one end of 
a silicon strip. The relative drift as a function of run number for an amplifier 
channel experiencing a significant gain drift is shown in (b) and (c). 
4.1.6 Correction for Amplifier Gain Drifts 
The pulser data taken throughout the experiment (section 3.7.2) provided a means 
to check for any gain drifts occurring between the inputs to the pre-amplifiers 
and the outputs of the ADC's. The PSSSD pulser data were selected in off-line 
analysis by requiring a multiplicity greater than or equal to 9 within a single 
event. The Laben pulser units triggered by the B.C.I. (section 3.7.2) produced 
two different amplitude pulses on alternate pulser events denoted by "A" and 
"B", the amplitudes of which were controlled independently. These pulses were 
sent to the test inputs of the pre-amplifiers. Any gain drifts would result in a 
different ADC output for the same pre-amplifier input at different times during 
the experiment. 
Figure 4.8(a) shows a typical ADC spectrum for pulser events. The centroids 
of the pulser peaks in each ADC spectrum were measured for each run and com-
pared to the corresponding values obtained for the first reaction run (Run#11). 
The pulser data for the PSSSD's were corrected for ADC non-linearities, using 
the polynomial corrections described in section 4.1.1, prior to comparison. De-
noting the value obtained for run "t" by Ht (or Lt) and that obtained for the 
first reaction run by H0 (or £ 0), a relative drift was defined by, 
1 Ht 
Gdrift Ho 
(4.24) 
where G drift is the required correction factor. Most amplifier channels showed 
no evidence of ｧｾｩｮ＠ drifts and thus required no correction. Several channels did 
however experience a drift of order rv0.5 - 3% as illustrated in figures 4.8(b) and 
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(c) showing the relative drift as a function of run number for one such amplifier 
channel. For these amplifier channels, the appropriate correction factors were 
evaluated as a function of run number and applied in the subsequent analysis of 
the reaction data. 
4.1.7 Correction for Radiation Damage 
The performance of a semiconductor detector depends on a regular crystalline 
lattice structure. The passage of radiation may damage the lattice structure thus 
degrading the performance of the detector. The most comm9n form of radiation 
damage, known as a Frenkel Defect, results in the displacement of an atom from 
its normal lattice site. The new position of the displaced atom and the vacancy 
which remains in the lattice can trap charge carriers leading to fluctuations in the 
charge collected and hence a degraded energy resolution. The radiation damage 
may become sufficient to reduce the pulse height obtained for a given incident 
energy due to incomplete charge collection. The number of defects produced by 
a heavy ion is several orders of magnitude greater than that produced by an a-
particle of the same energy. The main cause of the damage is thus expected to 
arise due to the high flux of elastically scattered (24Mg) beam particles striking 
the detectors. 
The effects of radiation damage were examined by comparing the elastic scat-
tering calibration data (obtained with gas present in the detectors) taken at the 
start, middle and end of the experiment (table 3.6). For each of these runs, 
energy vs position spectra were incremented for each silicon strip. The length 
of each strip was again divided into 32 equal position slices and the energies of 
the elastically scattered particles within each slice measured together with the 
corresponding average values of EH and EL. 
Figure 4.9(a) shows a typical comparison between the energy vs position sys-
tematics obtained for the 85.0 MeV 12C beam data taken at the start, middle and 
end of the experiment. The measured energy is seen to decrease during the exper-
iment. This decrease in pulse height was attributed to radiation damage and was 
by typically "'200 keV for elastically scattered 85.0 MeV 12C ions ("'0.25%) and 
"'400 keV for scattered 91.8 MeV 160 ions (1".10.45%). These values were compa-
rable to the energy resolution of the PSSSD's, however the overall effect on the 
reaction data was to cause a gradual drift of the Q-peaks in the reconstructed 
Q-value spectra. 
The degree of radiation damage is expected to vary as a function of depth 
into the detector thus making an accurate correction difficult when ions have 
different energies. However, an approximate form of correction was evaluated by 
comparing the calibration data taken at the middle and end of the experiment 
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Figure 4.9: Energy vs position systematics of the elastic scattering loci obtained 
for one silicon strip with the 85.0 MeV 120 beam data taken at the start (solid), 
middle (dashed) and end (dotted) of the experiment (a) before and (b) after 
correction for the effects of radiation damage. 
to that taken at the start. A set of correction factors D H and D L were fitted 
to the average values of EH and EL extracted for each strip from the latter two 
sets of calibration data. The energy calibrations after correction for gain drifts 
(section 4.1.6) were then modified to, 
EH - DHGHHt + OH 
EL DLGLLt + OL 
E - Gpos(EH + EL) 
( 4.25) 
(4.26) 
(4.27) 
The resistive charge division at the front face of the PSSSD's was assumed to be 
unaffected by the radiation damage and the original values of EH and EL were 
maintained when calculating the position of the ionising event. Figure 4.9(b) 
shows the energy vs position systematics of the elastic scattering loci for a sili-
con strip after applying the radiation damage corrections to the 85.0 MeV 120 
calibration data. Good agreement is seen between the data taken at the start, 
middle and end of the experiment. The procedure was repeated for the 91.8 MeV 
160 beam data and a separate set of correction factors were evaluated for inci-
dent 160 ions. The effects of radiation damage were observed to be greater for 
the 160 beam data reflecting the similarity in the range of 91.8 MeV 160 ions 
( t'J90 J.Lm) and 170 MeV 24 Mg ions ( "-J94 J.Lm) in silicon. The number of defects 
occurring at this depth, to which the 160 calibration data was most sensitive, 
was thus expected to be greater than that at t'J 150 J.Lm to which the 85.0 MeV 
120 calibration data was most sensitive. 
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The reaction data were divided into three sections corresponding to data taken 
towards the start, middle and end of the experiment. Energy measurements taken 
during the latter two sections were then corrected for the effects of radiation 
damage (equations 4.25- 4.27) using the appropriate set of correction parameters. 
4.2 Event Reconstrtiction 
4.2.1 Particle Identification 
The first step in the reconstruction of a sequential breakup reaction is the iden-
tification of the heavy ions detected in each hybrid telescope. Heavy ion particle 
identification for multiplicity "1" events (one active strip in the PSSSD) was 
achieved by plotting the energy loss ( flE) signal from the gas ionisation chamber 
against the energy (E) signal measured in the PSSSD. Figure 4.10 shows a typical 
particle identification spectrum obtained following the interaction of the 170 :Nie V 
24 Mg beam with the 120 target. Events in which a signal was also produced in the 
Csi(Tl) scintillator have been discarded. These are associated with pile-up events 
involving light ions which penetrate the PSSSD in coincidence with a heavy ion 
which stops either within the gas ionisation chamber or within the same strip of 
the PSSSD. A series of curves is seen to track across the flE-E spectrum shown 
in figure 4.10. The formation of these curves may be understood from Bethe's 
equation [132] describing the energy loss per unit distance (stopping power) of 
heavy charged particles passing through an absorber material, 
( 4.28) 
where Z, A and p are the atomic number, mass number and density of the 
absorber material. N0 is Avogadro's number, m and e are the electronic mass 
and charge, v = {3c is the velocity and ze the charge of the ionising particle. I is 
the average ionisation potential of the absorber material and is usually regarded 
as an empirical constant taken to have a value of the order ""lOZ eV. For non-
relativistic charged particles, the expression in square brackets varies slowly with 
particle energy and equation 4.28 may be written in a simplified form, 
dE z2 
-ex--
dx v2 
or equivalently (since E = ｾｭｶ Ｒ ＩＬ＠
dE mz2 
-ex---
dx E 
( 4.29) 
( 4.30) 
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Figure 4.10: Particle identification spectrum for multiplicity "1" events obtained 
by plotting the energy loss ( tlE) signal from the gas ionisation chamber against 
the energy (E) measured in the PSSSD. Events in which a signal was also pro-
duced in the Csi(Tl) scintillator have been discarded (see text). 
If the total energy loss tlE is small compared to the total energy E of the ion 
then for a given thickness of absorber, 
2 
tlE ex mz 
E (4.31) 
The energy loss for ions of a given mass m and charge z will then be inversely 
proportional to their energy E, 
1 
tlE ex-
E ( 4.32) 
This describes the shape of the individual curves seen in the flE-E plot of fig-
ure 4.10. For different ion species with the same energy E, the energy loss will 
vary with the mass and atomic number of the ion, 
( 4.33) 
The energy loss of ions with a given energy E will then be proportional to the 
square of their atomic number z. Each individual curve in the particle identifi-
cation spectrum of figure 4.10 thus corresponds to ions with a common atomic 
number. Associating the curve extending to high energies with elastically scat-
tered 24 Mg beam ions (the group of events at ""155 MeV in figure 4.10) allows 
CHAPTER 4. DATA ANALYSIS 123 
the ions associated with all other curves to be identified as shown. If sufficient 
resolution is afforded by the !:lE detector then the curves in the ｾｅＭｅ＠ plot will 
be further split depending on the mass of the ions (equation 4.33). In the present 
experiment, this was prevented by the noise-limited energy resolution of the gas 
ionisation chambers and particle identification gave z-resolution only. 
The ions of interest were selected by placing two dimensional software windows 
around the appropriate loci in the heavy ion particle identification spectrum 
generated for each of the hybrid detector telescopes. The channels of interest 
were then selected by requiring a coincidence between specific pairs of ions in the 
two telescopes. The use of the various timing signals to define coincidences and 
remove background events is discussed in the trial analysis of section 4.3. 
4.2.2 Energy Loss Corrections 
The resolution of the gas ionisation chambers ＨＢＭｾＶＵＰ＠ keV), although sufficient for 
particle identification, was poor compared to that of the PSSSD 's ( ＢＭｾＲＵＰ＠ ke V). 
Following particle identification, the energy loss of the ions in the ionisation 
chambers was calculated more accurately froin the energy measured in the PSSSD 
[59]. The energies of the detected ions were also attenuated relative to their value 
leaving the reaction during passage through the mylar window of the hybrid 
telescope and whilst exiting the target foil. The energies of the ions as measured 
in the PSSSD thus required correction for these effects. 
The energy loss corrections were evaluated using a modified version of the 
computer code DEDX (67]. The code calculated the range R(E) of an ion with 
instantaneous energy E in a given absorber material by integrating equation 4.28 
over the energies of the ion, 
R(E) = 1: ＨｾＡＩＭｉ＠ dE (4.34) 
The difference in the range of the ion before and after passing through the ab-
sorber will be equal to the absorber thickness T, 
R(Ebejo1·e) - R(Eajter) = T ( 4.35) 
where Ebefore and Eafter are the energies of the ion on entry and exit of the 
absorber respectively. For a given absorber of thickness T the code scrolled 
through a series of Eafter values covering the range of energies expected to be 
encountered in the data (typically 10 - 170 MeV). For each value of Eafter the 
corresponding value of Ebefore was found by iteration until equation 4.35 was 
satisfied. A 5th order polynomial fit applied to the results of the calculation 
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then enabled Ebefore to be evaluated for a given Eafter· Energy loss polynomials 
were obtained for each of the ion species to be detected. The energy loss in the 
gas ionisation chambers was calculated assuming a 52.0 mm depth of propane 
(allowing for bowing of the mylar windows due to the pressure differential [59]) at 
60.8 torr (the value observed experimentally). Similar corrections were evaluated 
for ions passing through the 3.5 J-Lm mylar windows. 
On average, interactions between beam and target nuclei can be presumed to 
occur midway through the target. The effective energy of the incident beam (as 
used in the event reconstruction) was thus obtained by subtracting the energy 
loss of 170 :NieV 24:Nig ions in passing through half of the target. The energy 
losses of the detected ions were then evaluated for the remaining thickness taken 
as Ｒ ｣ Ｐ ｾ ＱＶ ｡＠ (for detectors centred at 16° relative to the beam direction) where T 
denotes the total thickness of the target normal to the beam. 
4.2.3 In-plane Angular Offsets 
The reaction data were obtained with the hybrid detector telescopes centred at 
16° on either side of the beam axis according to the optical alignment measure-
ments (section 3.6). However, the true angles of the telescopes relative to the 
beam direction may differ from these values. Offsets may arise during rotation of 
the arms within the scattering chamber (section 3.4) or by beam ions striking the 
target at an angle to the assumed beam axis. Analysis of the heavy ion singles 
data provided a means to check for such offsets. The procedure is described in 
appendix C where in-plane offsets of (-0.2±0.1) 0 and (+0.3±0.1) 0 have been de-
duced for telescopes 1 and 2 respectively. The subsequent analysis of the reaction 
data thus assumed telescopes 1 and 2 to be centred at 15.8° and 16.3° relative to 
the beam axis respectively. 
The 12C(24Mg,l2C 12C) 12C reaction was reconstructed from the data taken with 
the pure carbon target. This reaction has been studied extensively in the litera-
ture (62, 96, 140] and provides a valuable check of the calibrations. The remainder 
of this chapter describes in detail the analysis of this reaction, which also resulted 
in new spin information for several of the symmetrically fissioning states in 24 Mg. 
4.3.1 Timing 
Coincidences between carbon ions detected in each of the hybrid detector tele-
scopes were selected. Following particle identification, the TDC timing signals 
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Figure 4.12: TDC time difference between signals from the PSSSD and the gas 
ionisation chamber plotted against the energy loss signal measured in the ionisa-
tion chamber. 
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Figure 4.13: TDC time difference spectrum between signals in the two separate 
PSSSD's. 
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from the PSSSD's and gas ionisation chambers were used to remove random co-
incidences. The TDC units had a conversion rate of 1 ns per channel and in 
general each individual TDC had an arbitrary zero offset. The offsets may dif-
fer between TDC's due to the variation in time taken for signals to travel along 
different lengths of cable leading to each TDC unit. In off-line analysis, these 
offsets were evaluated by incrementing individual TDC spectra for each amplifier 
channel participating in an event of the reaction data. Offsets were then applied 
to each TDC such that all spectra peaked at the same channel number. Coin-
cidence gating involved the calculation of relative time differences between TDC 
channels, in which the individual offsets cancelled. 
Genuine heavy ion events within a telescope were identified from the timing 
between signals in the gas ionisation chamber and the PSSSD. Figure 4.11 shows 
the TDC time difference spectrum obtained for telescope 1 after selecting events 
corresponding to coincident carbon nuclei in the two telescopes. This spectrum 
was obtained by subtracting the TDC value for the ionisation chamber from that 
for the PSSSD within the same telescope. The FWHM of the coincidence peak 
is 204 ns and the level of background corresponding to random coincidences is 
negligible. Figure 4.12 shows the TDC time difference plotted against the energy 
loss ＨｾｅＩ＠ signal from the gas ionisation chamber. The curvature evident in the 
spectrum indicates a dependence of the ionisation chamber timing signal on the 
energy deposited by the ions. This energy dependence is due to variations in 
the time taken for signals of different pulse height to reach the main amplifier 
discriminator level, when using leading-edge timing. However, the rise time (i.e. 
time to peak) is independent of the deposited energy. The effect is seen to be more 
pronounced for lower energy signals which take significantly longer to produce a 
timing signal from the main amplifiers. Events falling under the coincidence peak 
in the time difference spectra were selected for further analysis. 
Genuine coincidences between the two telescopes were identified from the 
timing between signals in the two PSSSD's. Figure 4.13 shows the time difference 
spectrum obtained by subtracting the TDC value for the PSSSD in telescope 2 
from that for the PSSSD in telescope 1. The FWHM of the coincidence peak is 70 
ns and the background corresponding to random coincidences is again negligible. 
The improved timing resolution when compared to that involving the ionisation 
chambers is in part due to the inherently longer charge collection time of gas 
ionisation chambers compared to that of semiconductor detectors and in part due 
to the lower signal-to-noise ratio for the ionisation chamber signal. Figure 4.14 
shows the TDC time difference plotted against the energy signal from one of the 
PSSSD's. The curvature in the spectrum again indicates a longer rise time for 
signals with low pulse height. The effect is less pronounced than for the gas 
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ionisation chambers. Events falling under the coincidence peak were selected for 
further analysis. 
4.3.2 Q-value Spectrum 
Following the identification of genuine coincidences between telescopes, the three-
body reaction Q-value was reconstructed. Assuming a mass of 12 a.m.u. for the 
detected fragments, their momentum vectors were evaluated from the measured 
angles and energies (after correction for energy losses in the ionisation chambers, 
mylar windows and target). Assuming interactions to occur on average midway 
through the target, the effective energy of the incident 170 MeV 24 :Nig beam after 
passing through half of the 380 J.Lg em - 2 carbon target was calculated using the 
code DEDX [67] to be 168.72 1vieV. 
Conserving linear momentum between the incident beam and the detected 
fragments allowed the momentum of the undetected recoil nucleus to the recon-
structed. The energy of the recoil nucleus was then evaluated assuming a mass 
of 12 a.m.u. Figure 4.15 shows the recoil energy spectrum reconstructed for the 
assumed 12 C(24Mg,12C 12C) 12 C reaction in which the majority of the data is seen 
to lie at energies between ""'5 and 60 IvfeV. The reaction Q-value was evaluated 
from the difference between the energy of the incident beam (168. 72 MeV) and 
the sum of the kinetic energies of the three particles in the exit channel ( equa-
tion 2.20). Figure 4.16 shows the Q-value spectrum obtained for the 12C(24Mg,12C 
12C) 12 C reaction. The peak labelled Q999 corresponds to events in which all three 
final state 12C nuclei leave the reaction in the ground state. The centroid of this 
peak (obtained from a Gaussian fit) occurs at Q = (-13.996±0.009) MeV where 
the error is statistical only. In addition, the Q-value is subject to systematic 
errors arising from the various energy corrections, where the corrections were 
of order ""'5 MeV and subject to ""'10% uncertainty. The observed position of 
the Q999 peak is thus in good agreement with the calculated Q-value of -13.933 
MeV for this reaction. The width of the peak is (1.015±0.018) MeV. This is 
slightly larger than the resolution of 0.825 MeV FWHM predicted by the Monte 
Carlo code RESOLUTION [61] for this reaction. This discrepancy is attributed 
to radiation damage (section 4.1.7) degrading the performance of the PSSSD's 
during the course of the experiment. The centroid of the peak labelled Q99 is Q 
= (-18.460±0.008) MeV. This is close to the expected value of (-13.933- 4.439 
=) -18.372 MeV for events in which one of the 12 C nuclei is internally excited to 
the first excited state at 4.439 MeV. Similarly, the position of the peak labelled 
Q9 at Q = (-22.995±0.014) MeV is close to the value of (-13.933- 4.439- 4.439 
=) -22.811 MeV for events in which two of the 12C nuclei are excited to the first 
excited state. The small systematic discrepancies can be taken as a measure of 
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Figure 4.15: Reconstructed recoil energy spectrum for the 12C(24Mg,l2C 
12 C) 12C reaction. 
the accuracy of the kinematic reconstruction. The continuum at lower energies in 
figure 4.16 is attributed to reactions leading to higher internal excitations of the 
final state particles and to reactions involving four-body (or more) final states 
for which the recoil energy has been incorrectly determined. Reactions involving 
carbon nuclei with masses other than 12 a.m.u. have more negative Q-values than 
the reaction of interest. These are also expected to contribute to the background 
in figure 4.16. 
The recoil energy spectrum for events falling under the Q ggg peak is shown 
in figure 4.17. The data are now seen to lie at energies between rv2 and 8 MeV 
indicating that most of the kinetic energy in the exit channel is carried by the 
detected fragments. 
Since the reaction Q-value is determined by the reaction process, it does not 
depend on either the energy or position of the detected fragments. Any depen-
dence of the reconstructed Q-value on either of these experimental parameters 
will thus indicate an error in the calibrations. Figure 4.18 shows the reconstructed 
Q-value spectrum plotted against the energy of one of the detected fragments. 
The vertical loci corresponding to the peaks in figure 4.16 are indeed seen to be 
independent of the fragment energy. In figure 4.19, the reconstructed Q-value is 
shown plotted against the laboratory angle of one of the breakup fragments. The 
vertical loci indicate that the reconstructed Q-value is independent of the angular 
measurement. These results indicate that the energy and position calibrations 
have been correctly determined. 
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corresponding to a recoil mass of 12 a.m. u. 
In 'the reconstruction of the Q-value spectrum shown in figure 4.16, a mass of 
12 a.m. u. was assumed for the undetected recoil nucleus. For well defined peaks 
in the Q-value spectrum, the recoil mass may be determined independently in 
the following manner, as described by Costanzo et al [52]. The missing energy 
in the exit channel defined as the difference between the energy of the incident 
beam and that of the detected fragments may be written , 
Erecoil- Q 
2 
Precoil _ Q 
2M recoil 
( 4.36) 
By plotting the quantity Ebeam- E1- E2 against ｐｾ･｣ｯｩｴＯＲ＠ where Precoil is the recoil 
momentum deduced from momentum conservation, both Mrecoil and Q may be 
determined. Events associated with a particular recoil mass and characterised 
by a specific Q-value will then lie along a locus with a gradient 1/ Mrecoil and 
intercept at -Q. This is illustrated in figure 4.20 which shows the energy vs 
momentum plot for the data of figure 4.16. The solid lines indicate the predicted 
loci for Q999 , Q99 and Q9 events corresponding to a recoil mass of 12 a.m.u. (i.e. 
gradient = 1/12). The experimental data are seen to follow the predicted loci 
indicating that these events are indeed associated with a recoil mass of 12 a.m.u. 
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4.3.3 Excitation Energy Spectrum 
For events falling under the Q999 peak in the Q-value spectrum of figure 4.16, 
the relative centre-of-mass energy between the detected fragments was evaluated 
from equation 2.28. The excitation energy of the resonant 241\llg nucleus was then 
obtained from the sum of the relative energy and the breakup Q-value of 13.933 
l\IIeV (equation 2.21). The excitation energy spectrum obtained for the 12C+12C 
breakup of 241\llg is shown in figure 4.21. Several peaks are seen in this spectrum 
in the excitation region ""20 - 27.5 :Nie V and may be associated with discrete 
excited states in the resonant 24 :Nig nucleus. The centroids and observed widths 
of these states are given in table 4.1 of the following section. The dashed curve in 
figure 4.21 indicates the predicted detection efficiency evaluated using the Monte 
Carlo code MAUL [92]. The experimentally observed energy thresholds (19.5 
l\IIeV for 12C ions) and detector angles were used in the simulation and the missing 
strip in telescope 2 was also taken into account. The peak efficiency is 13.1% and 
is thus slightly lower than the peak value of ""14% deduced in section 3.2.2. 
The predicted region of sensitivity extends to excitation energies in excess of 32 
MeV. However, the experimental yield is concentrated in the excitation region 
""20 - 27.5 MeV and does not follow the predicted efficiency profile. This is in 
agreement with the work of Leddy et al [140] who observed the cross section to 
decrease rapidly with increasing excitation energy. This decrease in cross section 
may be attributed to the opening of other decay channels at higher excitation 
energies. The low energy cut-off in the data is attributed to the proximity of the 
Coulomb barrier at ""20 MeV (Ecm(12C+12C) ｾ＠ 6 MeV (2]) which inhibits the 
12C+12C decay of states at lower excitation energies. 
It has been assumed that the detected fragments originate from the decay of 
the resonant 24 Mg nucleus. However, the same final state may also be formed 
by the decay of the resonant 24 Mg nucleus into one or other of the detected 
fragments and the undetected 12C recoil nucleus. In this case, only one of the 
detected fragments will have originated from the decay of the resonant nucleus. 
The presence of such events was examined by reconstructing the relative energy 
between each of the detected fragments and the undetected recoil nucleus. This 
is shown in figure 4.22 where particles 1 and 2 denote the fragments detected in 
the two telescopes and particle 3 is the recoil nucleus. Final state interactions 
between the detected fragments and the recoil nucleus will form either horizontal 
or vertical loci corresponding to decaying states in the resonant 24 Mg nucleus. No 
evidence for such events is seen in figure 4.22 in which the diagonal loci correspond 
to final state interactions between the detected fragments as shown in figure 4.21. 
The predicted excitation energy resolution obtained from the Monte Carlo 
code RESOLUTION (61] is 188 keV for this reaction. This is consistent with the 
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Figure 4.21: Excitation energy spectrum for the 12C+12C decay of 24 Mg observed 
in the 12 C(24 Mg, 12 C 12C) 12C reaction. The dashed curve indicates the Monte 
Carlo predicted detection efficiency. 
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widths of the narrowest states (table 4.1) observed in figure 4.21 indicating that 
the measurement is limited by the experimental resolution. The high resolution 
n1easurement of this reaction by Curtis et al [62] however found several of the 
peaks at rv22 Ivie V excitation to be fragmented into narrow states with widths 
of rv100 keV. The other peaks seen in figure 4.21 may therefore also contain 
contributions from more than one individual state. 
4.3.4 Angular Correlations 
For each peak in the excitation energy spectrum of figure 4.21, 8*-'lj; angular 
correlation plots were produced. Figure 4.23 shows the 8* -7/J plot for the strongly 
populated state at 21.88 rvre v in which a series of sloping ridges is suggested. 
The data were projected onto the 8* = 0° axis at an angle parallel to the ridges 
(indicated by the dashed line in figure 4.23). The projected angular correlations 
for this state and for several other states seen in the excitation energy spectrum 
of figure 4.21 are shown in figure 4.24. Where poor statistics prevented the 
gradient of the ridge structure from being accurately determined from the two 
dimensional ()* -7/J spectra, the angles of projection were varied until the periodic 
structure in the projected correlations was enhanced. The periodicities of the 
projected correlations were compared to those of squared Legendre polynomials 
as indicated by the dotted curves in the figures. The analysis is simplified by the 
symmetric nature of the decay channel in which only states of even spin (and 
natural parity) may be observed. The spins deduced for states where structure 
was observed in the projected angular correlations are given in table 4.1. The 
gradient of the ridge structure (dB*/ d'ljJ), determined from the angle of projection, 
enabled the grazing angular momentum in the entrance channel (li) to be deduced 
from the relation (section 2.2.4), 
dB* I J I 
d'lj; - IIi I - I J I (4.37) 
The values of li deduced from each spin assignment are given in table 4.1. 
The uncertainties in the excitation energies quoted in table 4.1 are statistical 
only as obtained from the peak-fitting procedure. However, the absolute excita-
tion energy calibration for an RPS experiment of this kind is subject to a further 
uncertainty of typically ±0.15 MeV [62, 140] which arises from uncertainties in the 
angular and energy calibration of the detectors and the energy loss corrections. 
Allowing for such uncertainties, the states observed in the present measurement 
have been associated with those observed in previous measurements of this reac-
tion. Fulton et al [96] reported states at 21.0 (4+), 21.7 (4+), 22.2 (4+), 22.8 NleV 
(6+) and 24.8 MeV (8+). Leddy et al [140] further proposed spins of J ｾ＠ 10/i for 
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Figure 4.23: The (}* -'lj; angular correlation plot for the state at 21.88 MeV ob-
served in the 12C(24 Mg, 12C 12C) 12C reaction. The data were projected at an angle 
parallel to the ridges as indicated by the dashed line. 
states at 26.3 and 27.1 MeV. The spin assignments for the states at 21.07 (4+) , 
21.88 (4*), 22.33 (4+), 22.90 (6+) and 24.56 MeV (8+) observed in the present 
work are thus in agreement with the earlier measurements. For these states, an 
average value of li ｾ＠ 271i was deduced for the grazing angular momentum in 
the entrance channel. This value is consistent with the values deduced by Freer 
[84] (li ｾ＠ 291i), Leddy et al (140] (li ｾ＠ 311i) and Curtis (60] (li ｾ＠ 281i). These 
values are also in agreement with the value of rv291i obtained from the DWBA 
(Distorted Wave Born Approximation) calculation of Freer (89]. 
Angular correlation plots were also obtained for states at 20.54, 23.80, 25.14 
and 26.41 NieV. Despite low statistics, the wide angular coverage in the projected 
angle 'lj;0 allowed the periodicity of the correlations to be determined for many 
of these states. The projected angular correlation for the state at 20.54 MeV 
is shown in figure 4.24(a). The periodicity is consistent with that of a squared 
Legendre polynomial of order 2. The value of li = (22.1±6.6) n is deduced from 
a J7r = 2+ spin assignment. Although this differs from the value obtained for 
states of known spin, the large uncertainty associated with this value (due to the 
low spin assigned to the state and the shallow gradient of the ridge structure) 
does not rule out this spin assignment. The state at 20.54 MeV has thus been 
tentatively assigned a spin of J7r = 2+. 
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Excitation vVidth Proposed J1r Gradient Deduced li 
(!vie V) (keV) J1r [96, 140] (dB* /d'l/J) (!i) 
20.54 ± 0.05 288 ± 122 (2+) (0.10 ± 0.03) (22.1 ± 6.6) 
21.07 ± 0.03 308 ± 89 4+ 4+ 0.17 ± 0.03 27.5 ± 4.3 
21.88 ± 0.02 380 ± 54 4+ 4+ 0.17 ± 0.03 27.5 ± 4.3 
22.33 ± 0.02 209 ± 49 4+ 4+ 0.17 ± 0.04 27.5 ± 5.9 
22.90 ± 0.02 284 ± 42 6+ 6+ 0.30 ± 0.04 26.0 ± 2.8 
23.80 ± 0.04 420 ± 127 6+ 0.24 ± 0.03 31.0 ± 3.2 
(8+) (0.38 ± 0.04) (29.0 ± 2.3) 
24.56 ± 0.03 548 ± 81 8+ 8+ 0.41 ± 0.04 27.5 ± 1.9 
25.14 ± 0.02 168 ± 64 (6+) (0.34 ± 0.05) (23.7 ± 2.7) 
25.72 ± 0.02 194 ± 46 
26.41 ± 0.04 775 ± 138 8+ 2::10+ 0.41 ± 0.02 27.5 ± 1.9 
27.12 ± 0.03 342 ± 80 2::10+ 
Table 4.1: Summary of the energies, observed widths and proposed spins for states 
in 24Mg observed in the 12C(24Nig,12 C 12C) 12C reaction. Where spin assignments 
have been made, the dB* /d'l/J values and deduced grazing angular momentum 
in the entrance channel (li) are also given. The proposed spin assignments are 
compared to those deduced by Fulton et al [96] and Leddy et al (140]. Values in 
parentheses are tentative. 
The projected angular correlation for the state at 23.80 MeV is shown in fig-
ures 4.24(£) and (g) overlaid with squared Legendre polynomials of order 6 and 
8 respectively. The spectra were obtained by projecting the data at two differ-
ent angles which produce periodic structure in the projected correlations. The 
data appear most consistent with a spin assignment of J1r = 5+ (figure 4.24(f)) 
although a spin of J1r = 8+ (figure 4.24(g)) cannot be ruled out with certainty. 
Similar values of li are deduced from both assignments, each of which is con-
sistent within experimental errors with the value deduced for states of known 
spin. This state has therefore been assigned a spin of J1r = 5+ although J7r = 3+ 
cannot be ruled out. The observed width of this state ( rv420 ke V) is larger than 
that observed for the narrower states seen in figure 4.21 (rv200 keV). It is there-
fore feasible that the structure at 23.80 Nle V may be composed of two or more 
unresolved states which may not necessarily be of the same spin. 
Figure 4.24(i) shows the projected angular correlation for the state at 25.14 
MeV overlaid with a squared Legendre polynomial of order 6. The periodicity of 
the data is consistent with a spin J7r = 6+ which yields a value of li = (23.7±2.7) Ji. 
However, the low statistics prevent a firm spin assignment from being made. 
The projected angular correlation for the state at 26.41 MeV is shown in 
figures 4.24(j) and (k) overlaid with squared Legendre polynomials of order 8 and 
10 respectively. These two spectra were again obtained by projecting the data at 
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Figure 4.24: Projected angular correlations for states in 24Mg observed in the 
12C(24Mg/2C 12C) 12C reaction. The data have been projected at an angle within 
a matrix of B* -'lj; values and hence it is possible to obtain fractional numbers of 
counts. The dotted curves indicate squared Legendre polynomials of the order 
indicated in the figures. 
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Figure 4.24: Continued. 
two different angles chosen to enhance the periodic structure. The periodicity of 
the projected angular correlation shown in figure 4.24(j) is consistent with that 
of a squared Legendre polynomial of order 8. The value of li = (27.5±1.9) 1i 
deduced from a J7r = s+ spin assignment is consistent with that obtained for 
states of known spin. In the data of Leddy et al [140], states at 26.3 MeV and 
27.1 MeV were assigned spins of J ｾ＠ lOli. However, the angular correlations 
were structureless for these states while structure was observed in the angular 
correlations for the state at 24.7 ivie V which confirmed the spin assignment of 
J7r = s+ for this state. From the lack of structure in the angular correlations 
for the states at 26.3 MeV and 27.1 MeV, the authors deduced that these states 
must be of spin greater than 8h such that the experimental resolution was unable 
to resolve the more rapidly varying correlation structure. However, since other 
factors may be responsible for the lack of structure [140], spins of J < 10h 
cannot be ruled out for these states. Figure 4.24(k) shows the projected angular 
correlation for the state at 26.41 MeV observed in the present measurement. The 
data have been projected at an angle which yields a value of of li ｾ＠ 28/i if a spin 
of J7r = 10+ is assigned to this state. The periodicity of the projected correlation 
is inconsistent with that of a squared Legendre polynomial of order 10. A spin of 
J7r = g+ has therefore been assigned to this state in the present work. 
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4.3.5 Cross Section Determination 
The integrated double differential cross section (in mb sr-2 ) for a coincidence 
study may be obtained from the equation, 
d2(5 Counts Z mt 1 
-d01drlz 3.74 Qe11 T .601.6.nz 
(4.38) 
where Z is the charge state of the bean1 incident in the Faraday cup (section 3.4) 
and Qeff is the integrated beam exposure (in nC). The target mass (in a.m.u.) 
and areal density (in J..Lg cm-2) are denoted by mt and T res-pectively while .601 
and .6.02 denote the laboratory solid angles (in sr) su btended by the detectors. 
The predicted average charge state of a 170 Nie V 24 Mg beam after passing through 
a solid target was calculated using the computer code CSD [57] to be 11.79. The 
integrated beam exposures obtained with each or' the reaction targets have been 
given in table 3.7. The solid angles .6D1 and .6.D2 were evaluated from the known 
surface area of the detectors taking into account gaps between strips and the 
missing strip in telescope 2. Allowance was also made for the shadowing effect 
of the anode wires which reduces the sensitive area of each telescope by 2%. 
The total number of counts was obtained from the fitted area under the Q999 
peak in the Q-value spectrum of figure 4.16 allowing for a smooth underlying 
background. This background is inevitably included in the excitation energy 
spectrum of figure 4.21. A value of (0.20±0.02) mb sr-2 was obtained for the 
integrated double differential cross section for the 12C(24Mg,12C 12C)12C reaction. 
The quoted error is dominated by uncertainties in the total number of counts and 
the total target thickness (10%). 
The absolute value deduced for the cross section is sensitive to the angular 
coverage of the detection system and will thus vary between different experimental 
layouts. A direct comparison is then only possible between experiments employing 
the same detection geometry. However, the values obtained give an order of 
magnitude estimate of the cross section thus lending valuable information for the 
planning of further experiments. In this sense, the value obtained in the present 
measurement is consistent with that obtained in previous measurements of this 
reaction. A value of (0.79±0.09) mb sr-2 was obtained in the data of Freer [84] 
while Leddy et al [140] obtained values of (0.42±0.08) mb sr-2 and (0.12±0.01) 
mb sr-2 for the excitation energy regions rv20 - 25 MeV and rv23 - 33 MeV 
respectively. 
Chapter 5 
New- Applications of Gas-Si-Csl 
Telescopes 
In chapter 3, the construction of the gas-silicon-scintillator hybrid detector tele-
scopes was described. The operation of the gas ionisation chambers and PSSSD's 
for detection of heavy ions was further discussed in chapter 4 in relation to the 
analysis of the 12C(24 :Nig,l2C 12C) 12C reaction where the Csi(Tl) signals were used 
to veto pile-up events associated with light particles penetrating the PSSSD's. As 
previously noted, the present experiment was the first to include the Csi(Tl) scin-
tillation section in the hybrid telescopes for an in-beam experiment. This provided 
an opportunity to study the performance of the Csi(Tl) detectors and investigate 
experimental techniques which take advantage of the information provided by 
this section. 
In addition to the Heavy-Ion mode described above, the inclusion of the 
Csi(Tl) section also allows the hybrid telescopes to operate in Light-Ion mode. 
In this case, particle identification for energetic light ions, which penetrate the 
PSSSD's, is achieved by utilising the energy loss information from the PSSSD's 
together with energy information from the Csi(Tl) section. The analysis of these 
multiplicity 1 events, i.e. a signal produced in only one strip of a PSSSD, is 
discussed in section 5.1.2. 
The logic electronics (section 3. 7.2) also allowed multiplicity 2 events, cor-
responding to signals in two separate strips of a single PSSSD, to be recorded. 
These events may be associated with the detection of two a-particles originat-
ing from the decay of 8Be98 and were identified on-line by signals in two strips 
of a PSSSD without the requirement of a signal in the gas ionisation chamber. 
However, this criterion was also satisfied by events associated with the coinci-
dent detection of an a-particle and heavy ion in separate strips of the PSSSD, for 
which a signal would also be expected in the ionisation chamber. For such events, 
if the a-particles have sufficient energy to produce a signal in the Csl(Tl) section, 
this signal may be used to identify which of the two active strips of the PSSSD is 
141 
CH.APTER 5. NEW APPLIC.ATIONS OF GAS-SI-CSI TELESCOPES 142 
associated with the penetrating a-particle. The ionisation chamber signal then 
allows the coincident heavy ions, stopping in the other strip of the PSSSD, to be 
identified. The analysis of such events is discussed in sections 5.2 and 5.4. 
The Csi(Tl) section also allows the detection of high energy a-particles orig-
inating from the decay of 8Be9s in which either one or both a-particles reach the 
Csi(Tl). The analysis of these events is discussed in section 5.5. 
Unless specified otherwise, the spectra presented in this chapter to illustrate 
the techniques used in the analysis were obtained from the data collected with 
the composite LiCO target. These spectra are however identical in essence to 
those obtained from the 12C and 9Be target data. 
5.1 Multiplicity 1 Events 
5.1.1 Gas Ionisation Chamber Calibration 
The implementation of the techniques described in this chapter required a cal-
ibration of the energy loss signals from the gas ionisation chambers. This was 
achieved by utilising particle identification spectra generated for multiplicity 1 
events with the uncalibrated ionisation chamber signals as previously shown in 
figure 4.10. The loci corresponding to incident 12C and 160 ions were used, since 
accurate PSSSD energy calibrations had been obtained for these ions. For a given 
energy signal in the PSSSD, projection of the corresponding ionisation chamber 
signal allowed the ADC channel number associated with the energy loss of the 
ions of interest to be determined. From the energy measured in the PSSSD, the 
actual energy loss of the ions in passing through the ionisation chamber was then 
evaluated from the energy loss code DEDX [67] as described in section 4.2.2. 
This procedure was repeated for three points along each of the loci corresponding 
to incident carbon and oxygen ions (assuming masses of 12 and 16 a.m. u. re-
spectively) with the PSSSD energy signals evaluated using the set of calibration 
parameters appropriate to each incident ion. 
Figure 5.1 shows the calculated energy loss in the ionisation chamber as a 
function of the corresponding ionisation chamber signal for telescope 1. The 
horizontal error bars indicate the uncertainty in determining the ADC channel 
number associated with a given signal in the PSSSD and arise primarily from the 
noise-limited energy resolution of the ionisation chambers. The uncertainties in 
the calculated energies, arising from the finite energy resolution of the PSSSD's 
and uncertainties in the values obtained from DEDX [67], are not indicated but 
are estimated to be less than the size of the data points. The solid line in figure 5.1 
indicates the linear fit applied to the data. The gas ionisation chamber signal for 
telescope 2 was calibrated in an identical manner. 
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Figure 5.1: Energy calibration curve for the gas ionisation chamber in telescope 
1. The solid and open points correspond to data obtained for incident 12C and 
16 0 ions respectively. 
5 .1. 2 Identification of a-particles 
Figure 5.2 shows the particle identification spectrum for multiplicity 1 events in 
telescope 1 after calibration of the gas ionisation chamber signal. The group of 
events at the bottom left of the figure are associated with light ions (A < 4) 
which will be shown below to be dominantly a-particles. An upper limit placed 
on the ionisation chamber signal at 1.11vieV (dotted line in figure 5.2) separated 
the bulk of these events from those corresponding to incident heavy ions. 
For light ion events in which a signal was also produced in the Csi(Tl), particle 
identification spectra were obtained by plotting the energy loss signal measured 
in the PSSSD against the Csl(Tl) signal, as shown in figure 5.3. In this case, the 
energy loss in the PSSSD was evaluated using calibration parameters obtained 
for incident 12C ions. The energy deposited in the entrance dead layer was then 
calculated for each event and subtracted from the measured signal to obtain 
the energy deposited in the active depleted region of the detector. The light 
ion particle identification spectra were found to be dominated by a single locus 
associated with incident a-particles as seen in figure 5.3, although some evidence 
for 3He ions was also observed. The following discussion is therefore restricted to 
the detection of incident a-particles, although the same arguments may in general 
be applied to all light ions. 
Figure 5.4 shows the PSSSD energy spectra for light ion events in which a 
signal either has or has not been produced in the Csl(Tl). It is seen that a large 
fraction of light ion events are associated with particles which have sufficient en-
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Figure 5.4: PSSSD energy spectrum for multiplicity 1 events in telescope 1. The 
dashed and solid curves correspond to events in which a signal either has or has 
not been produced in the Csi(Tl) section. 
ergy to produce a signal in the Csi(Tl). There is also evidence for a small fraction 
of particles depositing between rv27 and 33 MeV in the PSSSD which have suffi-
cient energy to penetrate the PSSSD but insufficient energy to produce a signal 
in the Csi(Tl) and thus stop in the dead-region between the silicon and Csi(Tl) 
detectors (section 3.5.3). For events where no signal is produced in the Csi(Tl), 
the high energy cut-off at 32.8 MeV corresponds to the maximum energy of inci-
dent a-particles which may be stopped within the PSSSD. Particles incident with 
higher energies will penetrate the PSSSD thus depositing only a fraction (ex: 1/ E) 
of their incident energy therein. Consequently, a-particles will always deposit less 
than ｲＭＮＮｾＳＲＮＸ＠ MeV in the PSSSD. In the following sections, this condition will form 
one of the criteria for identifying a-particles. The range of 32.8 MeV a-particles 
in silicon was calculated from the code DEDX [67] to be 518 J.Lm and corresponds 
to the thickness of the active depleted region of the PSSSD. A value of ｲＭＮＮｾＵＲＰ＠ p,m 
was similarly obtained for the PSSSD in telescope 2 where a maximum energy of 
32.9 MeV was deposited by incident a-particles. These values are sensitive to the 
accuracy of the PSSSD energy calibrations, which in this case have been deduced 
for incident 12C ions at much higher energy, and are thus approximations to the 
absolute values. However, the use of these approximate values will be justified 
by the quality of the results presented in this chapter. 
The Csi(Tl) energy signal may be calibrated from the known energy loss of a-
particles in the PSSSD and knowledge of the PSSSD thickness. In section 5.2.2, it 
will be demonstrated that the PSSSD energy calibration for penetrating particles 
CHAPTER 5. NEW APPLICATIONS OF GAS-SI-CSI TELESCOPES 146 
4000 Multiplicity 1 events 
Q) 
c 
c: 
co 3000 
..c 
0 
'-
Q) 2000 0.. 
(/) 
....... 
c: 
:::3 
0 1000 0 
0 
-4 -2 0 2 4 
( ｾｅｅｸｰＭ ｾｅｍ･｡ｳＩ＠ I MeV 
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PSSSD (flEExp) and the measured energy loss signal (flEMeas) for multiplicity 
1 events in telescope 1. 
differs from that for particles stopping in the silicon wafer and this factor must be 
taken into account to obtain an accurate Csl(Tl) energy calibration. Initially, the 
Csl(Tl) signal was calibrated not in terms of the energy deposited in the detector, 
but in terms of the corresponding PSSSD energy loss signal, flEExp, for pene-
trating a-particles. This calibration, which was used for a-particle identification, 
is indicated in figure 5.3 by the dashed curve which corresponds to a 4th order 
polynomial fit applied to the a-particle locus. For a given signal in the Csl(Tl), 
this allowed the expected signal in the PSSSD (for a-particles penetrating the 
silicon wafer) to be deduced. The advantage of this approach is that the identifi-
cation of a-particles stopping in the Csi(Tl) may be achieved by comparing the 
expected energy loss in the PSSSD (D..EExp) as deduced from the Csl(Tl) signal, 
with the actual signal measured in the PSSSD (D..EMeas). This is illustrated in 
figure 5.5 for multiplicity 1 events in which the peak at (flEExp - flEMeas) = 0 
MeV corresponds to a-particles stopped in the Csl(Tl). In the following section, 
this approach will be applied to multiplicity 2 events in order to identify which, if 
any, of the two active strips in the PSSSD correspond to a penetrating a-particle. 
5.2 Multiplicity 2 Events 
The considerations discussed above have been extended to multiplicity 2 events 
in order to identify a-particles reaching the Csl(Tl) detector. Genuine coinci-
dences between two strips of a PSSSD were identified from the time difference 
between the corresponding TDC signals. Figure 5.6 shows the TDC tinie differ-
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multiplicity 2 events in telescope 1. 
ence spectrum for the two active strips of the PSSSD in telescope 1. The width 
of the prompt coincidence peak is 7 4 ns FWHM comparable to the value of 70 
ns FWHM observed for coincidences between signals in two separate PSSSD's 
(section 4.3.1). Events falling within the prompt coincidence peak of figure 5.6 
were selected for further analysis. 
In principle, TDC timing signals from the Csi(Tl) could be used to identify 
genuine coincidences between the PSSSD and Csi(Tl) signals. However, this 
could not be implemented in the present experiment due to high discriminator 
levels on the main amplifiers which gave no timing signal for low energy events 
in the Csi(Tl). However, since the Csi(Tl) logic signals were not involved in the 
on-line event selection (section 3. 7.2), the high discriminator levels did not affect 
the recording of interesting events. 
5.2.1 Observation of Crosstalk in PSSSD's 
One class of event in which signals are produced in two strips of the PSSSD and 
in the Csi(Tl) may be attributed to a-particles penetrating one silicon strip and 
stopping in the Csi(Tl), in coincidence with heavy ions stopped in a separate 
silicon strip. These events, for which no restriction is placed on the ionisation 
chamber signal, are considered first. 
It was shown in section 5.1.2 that a-particles will always deposit less than 
.....,33 MeV in the PSSSD's. This condition does not apply to heavy ions whose 
range, at the energies encountered in the present experiment, is significantly less 
than the PSSSD thickness of rv520 J-Lm. There are then two types of event which 
may be encountered in the data, 
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Figure 5. 7: Difference between the expected energy loss of a-particles in the 
PSSSD (flEExp), as deduced from the Csi(Tl) signal, and that measured in each 
of the two active strips (tlEMeas), for type I events in telescope 1. 
Type I : The two strips in a PSSSD both record a signal less than r-..;33 MeV. 
Both strips are then candidates for a strip corresponding to a penetrating 
a-particle. 
Type II : Only one of the strips in a PSSSD records a signal less than r-..;33 MeV 
while the other records a higher energy. There is then only one candidate 
for a strip corresponding to a penetrating a-particle. 
In the analysis, the upper limit of r-..;33 MeV was raised to 34 MeV to allow for 
a margin of error in the absolute value. This will not however affect the results 
but may simply redefine certain type II events as type I, etc. 
For type I events it is necessary to identify which, if any, of the two candidate 
strips actually corresponds to a penetrating a-particle. This was achieved by 
comparing the expected energy loss of an a-particle in the PSSSD (flEExp), as 
deduced from the Csi(Tl) signal, with the energy measured (flEMeas) in each of 
the two active strips (denoted by the subscripts [1] and [2]). This is illustrated in 
the two-dimensional plot of figure 5. 7 where events corresponding to a-particles 
penetrating strip[l] are expected to fall along a vertical locus and events cor-
responding to a-particles penetrating strip[2] along a horizontal locus. It was 
observed however that the horizontal and vertical loci do not coincide with the 
(flEExp- flEMeas) = 0 MeV axis but lie at an angle. To investigate this effect, 
the a-particles events falling within each of these loci were selected for further 
analysis. Near the centre of figure 5.7 ambiguous events are observed which fall 
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along both the horizontal and vertical loci. These events, for which it is not clear 
which strip is associated with the penetrating a-particle, have not been included 
in subsequent analysis. 
For type II events, the analysis is simplified since there is only one candidate 
strip which may be associated with a penetrating a-particle. Genuine a-particle 
events may then be identified either from a particle identification spectrum of 
the type shown in figure 5.3 or by comparing the expected energy loss in the 
PSSSD with that measured in the candidate strip, as in figure 5.5. However, 
discrepancies were found in both of these approaches. This is best illustrated in 
figure 5.8 which shows the PSSSD energy loss signal, for the appropriate strip, 
plotted against the Csi(Tl) signal for both type I and type II events. The dashed 
curves in each spectrum indicate the a-particle locus observed for multiplicity 1 
events as shown in figure 5.3. The data for both type I and type II events are 
seen to fall below this curve. Furthermore, rather than the thin locus observed 
for multiplicity 1 events, the data in figure 5.8 are smeared out. 
The origin of this effect is shown in figure 5.9 showing the difference between 
the expected and measured PSSSD energy loss signals (D.EExp - D.EMeas) for 
the strip associated with a candidate penetrating a-particle plotted against the 
energy measured in the other strip which in general is associated with a stopped 
heavy ion. This figure includes data for both type I events and those type II events 
falling within the smeared out a-particle locus of figure 5.8(b). As illustrated in 
this figure, the difference between the expected (D.EExp) and measured (D.EMeas) 
energy loss in the PSSSD was found to depend linearly on the energy (Etffas) 
measured for the heavy ion stopped in the other strip such that, 
(5.1) 
where 17 denotes the constant of proportionality. From the gradient of the data in 
figure 5.9 indicated by the dashed line, a value of 17 = (0.060±0.003) was obtained 
for the PSSSD in telescope 1. A value of 17 = (0.061±0.003) was similarly obtained 
for the PSSSD in telescope 2. 
The effect observed in figure 5.9 is attributed to a crosstalk between the two 
active silicon strips arising from capacitive coupling via the unsegmented rear 
face of the PSSSD. This is the first time that this effect has been quantitatively 
measured for these PSSSD's and was made possible in the present experiment 
due to the information supplied by the Csi(Tl) section. 
An empirical correction has been derived for the crosstalk effect. Several 
possible forms of correction, consistent with equation 5.1, were attempted and 
the data were reconstructed along the lines described in the following sections. 
Of these, only one form of crosstalk correction was able to provide a satisfactory 
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Figure 5.8: Energy loss in the PSSSD plotted against the energy signal in the 
Csl(Tl) for candidate a-particle events from (a) type I and (b) type II events. 
The dashed curves indicate the 4th order polynomial fit to the a-part icle locus 
observed for multiplicity 1 events. 
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energy loss in the PSSSD for penetrating a-particles plotted against the energy 
measured in the other strip, associated with a stopped heavy ion. 
explanation of the data for all types of multiplicity 1 and 2 events considered and 
is discussed below. 
5.2.2 Correction for Crosstalk Effect 
In order to obtain a self-consistent crosstalk correction, it was found necessary 
to assume that a particle penetrating the PSSSD induces (on all st rips) a charge 
proportional to the charge produced due to ionisation (i.e. proportional to the 
deposited energy) but of opposite polarity. Due to the unsegmented rear face of 
the detector, this induced charge was assumed to appear across all strips of the 
PSSSD including the strip associated with the penetrating particle. This implies 
that for multiplicity 1 events, the collected charge (and hence the measured en-
ergy) for penetrating particles will be reduced, relative to the charge produced 
by a stopped particle depositing the same energy in the PSSSD, by an amount 
proportional to the initial charge produced (or energy deposited). The constant 
of proportionality was assumed to be 7J as defined in the previous section. The 
results presented in this chapter support this assumption. It is interesting to note 
that the observed value of 7J ｾ＠ 0.06 is approximately equal to 1/16 or 3/50, i.e. 
the fractional surface area of each individual strip (3 mm x 50 mm) relative to 
the whole area (50 mm x 50 mm) of the PSSSD. This seems reasonable with 
regard to the assumption that the induced charge appears uniformly across all 
strips. The measured energy loss in the PSSSD may thus be written , 
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ｾｅｄ･ｰ＠ _ ｲ［ｾｅｄ･ｰ＠
ｾｅｄ･ｰＨＱ＠ _ TJ) _ ｾｅｅｸｰ＠ (5.2) 
where ｾｅｄ･ｰ＠ is the true energy loss of the penetrating particle and ｾｅｍ･｡ｳ＠ is 
the value measured using calibrations deduced for stopped particles. As a conse-
quence of equation 5.2, the PSSSD energy calibrations for penetrating particles 
are required to differ from those for stopped particles by the factor 1/(1- r;). 
For multiplicity 2 events in which one particle penetrates the PSSSD while 
the other is stopped in a separate strip, an expression similar to equation 5.2 is 
expected for the energy measured in the PSSSD for each particle. However, it 
has been observed experimentally (section 5.2.1) that the energy loss measured 
for the penetrating particle is further reduced by an amount proportional to the 
energy (Efffas) measured (or charge collected) for the ion stopped in the other 
strip. This may be written, 
ｾｅｍ･｡ｳ＠ _ ｾｅｄ･ｰ＠ _ ｲ［ｾｅｄ･ｰ＠ _ r;Ef{;as 
Ef{;as ｅｾ＿＠ ｟ ＱＷ ｾｅｄ･ｰ＠
(5.3) 
(5.4) 
where ｅｾ＿＠ is the true energy deposited in the PSSSD by the stopped heavy 
ion. The -17Ef!fas term in equation 5.3 results from crosstalk due to the stopped 
particle. This term is absent from equation 5.4 since the calibration parameters 
used to determine Efflas were derived for stopped particles and must therefore 
implicitly take this term into account. 
From comparison with multiplicity 1 events it is found that, on the basis of 
the Csi(Tl) signal, a-particles penetrating the PSSSD are expected to produce 
an energy loss signal ｾｅｅｸｰ＠ = .c6.EDep(1 - TJ) (equation 5.2). However, for the 
multiplicity 2 events discussed here, the energy loss signal actually measured 
(equation 5.3) is .c6.Elvfeas = .c6.EExp -17Etflas in agreement with equation 5.1. 
The appropriate crosstalk corrections for these multiplicity 2 events may be 
obtained by re-arrangement of equations 5.3 - 5.4. In terms of the measured 
quantities ｾｅｍ･｡ｳ＠ and Effieas, the true energies deposited in the PSSSD may 
then be written, 
_c6.EMeas TJ ＭＭｾＫ＠ EMeas (1-77) (1-?J) HI (5.5) 
_ EM eas [1 + 172 ] + 17 .c6.EM eas 
HI (1 - r;) (1 - TJ) (5.6) 
These crosstalk corrections were applied in the analysis described in the following 
sections. 
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5.3 Calibration of Csi(Tl) Scintillation Detec-
tors 
The energy signals from the Csi(Tl) scintillation detectors were calibrated from 
the known energy loss of a-particles in the PSSSD's. For events falling within 
the a-particle locus of figure 5.3, the corrected energy loss f::::..EDep in the PSSSD 
was obtained from re-arrangement of equation 5.2, 
(5.7) 
where !::::..EMeas denotes the energy loss signal evaluated from calibrations derived 
for stopped particles. The value of rJ was taken to be 0.060 and 0.061 for the 
PSSSD's in telescopes 1 and 2 respectively, as deduced from the crosstalk effect 
discussed in section 5.2.1. From the known thickness T of the PSSSD's, deter-
mined by the maximum range of a-particles stopped therein (section 5.1.2), the 
energy on exit of the PSSSD's (Ecsi) was determined from the relation, 
R(t:::..EDep + Ecsi)- R(Ecsi) = T (5.8) 
where R(f::::..EDep + Ecsi) and R(Ecsi) denote the range of a-particles on entry 
and exit of the PSSSD respectively. For a given Csi(Tl) signal, the corresponding 
energy loss in the PSSSD (f::::..EDep) was obtained from the a-particle locus in 
the particle identification spectrum. The corresponding value of Ecsi satisfying 
equation 5.8 was then found by iteration using range values obtained from the 
energy loss code DEDX [67]. The calibration points obtained for telescope 1 are 
shown in figure 5.10 where the vertical error bars indicate the uncertainty in Ecsi 
due to the finite energy resolution of the PSSSD's. The calibration curve indicated 
by the solid line was obtained from a 4th order polynomial fit to the data. A 
similar calibration curve was obtained for the Csi(Tl) detector in telescope 2. 
These calibrations implicitly included the effects of the dead-region between the 
PSSSD's and the Csi(Tl) crystals, i.e. energy losses in the rear contact of the 
PSSSD, mylar entrance window of the Csi(Tl) crystal and the intervening gas 
volume (section 3.5). Thus, no specific correction for these effects was required. 
As mentioned in section 4.1.1, the Silena ADC units are susceptible to a 
non-linear response at low channel numbers. No pulser data were taken for the 
Csi(Tl) amplifier channels and hence a correction for this non-linearity, along 
the lines described in section 4.1.1, was not possible. Such ADC non-linearities 
may thus contribute to the non-linearity of the calibration curve of figure 5.10 
at low energies. The non-linearity of the Csi(Tl) response at higher energies is 
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Figure 5.10: Calibration points for the Csi(Tl) scintillation detector in tele-
scope 1. The solid curve indicates the calibration obtained from a 4th order 
polynomial fit to the data. 
attributed to incomplete light collection or saturation of light emission and is 
thus a genuine effect of the Csi(Tl) detector response. 
It is noted that the signal height and hence energy calibration of the Csi(Tl) 
scintillation detectors is highly dependent on the incident ion species [81, 115]. 
The energy calibrations obtained as discussed above are thus strictly applicable 
only to incident a-particles. However, this is sufficient for the present discussion 
which is limited to the detection of a-particles in the Csi(Tl) section. 
In principle, the efficiency for light collection in the Csi(Tl) crystal could be 
position dependent. The calibration curve shown in figure 5.10 was obtained for 
the whole-face of the Csi(Tl) crystal and does not take into account any position 
dependence of the detector's response. The validity of such an approach was 
investigated by evaluating separate calibration points for different regions of the 
detector face corresponding to the four corners, the four edges and the central 
region of the crystal. In this analysis, the position information was provided by 
the PSSSD's. The calibration points for the different regions of the crystal in tele-
scope 1 are shown in figure 5.11. For certain regions of the crystal, the statistics 
at higher Csi(Tl) energies were insufficient to allow an accurate determination of 
the calibration points. The whole-face energy calibrations, indicated by the solid 
curves, were found to reproduce the data in all regions studied suggesting the 
position dependence of the Csi(Tl) energy signal to be negligible. 
Figure 5.12 shows the light ion particle identification spectrum for multiplicity 
1 events in telescope 1 with the PSSSD signal calibrated for penetrating particles 
(equation 5. 7) and the Csi(Tl) signal calibrated for incident a-particles. This 
spectrum thus illustrates the true response of the Si-Csl section to a-particles. 
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Figure 5.11: Calibration points for different regions of the Csi(TI) crystal (in 
telescope 1) corresponding to the corners, edges and central region. The solid 
curves indicate the whole-face energy calibration. 
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Figure 5.12: Calibrated light ion particle identification spectrum for multiplicity 
1 events in telescope 1. The energy loss in the PSSSD is shown plotted against 
the energy (calibrated for incident a-particles) measured in the Csi(Tl). 
5.4 Heavy Ions in Coincidence with a-particles 
Following the calibration of the Csi(Tl) detectors and the derivation of the 
crosstalk corrections, coincidences between a-particles and heavy ions in the same 
hybrid detector were studied. The analysis followed closely that described in sec-
tion 5.2. The Csi(Tl) signals were re-calibrated in terms of the expected energy 
loss of a-particles in the PSSSD (i.e. flEExp) taking into account the correction 
to the PSSSD energy signals required for penetrating particles. The data were 
again initially separated into type I and type II events. For type I events, each 
of the two active strips of the PSSSD were in turn assumed to correspond to 
the penetrating a-particle and the appropriate crosstalk corrections applied to 
the PSSSD energies assuming the other strip to correspond to a stopped particle. 
The measured energy loss in each strip was then compared to the expected energy 
loss of a-particles deduced from the Csi(Tl) signal as shown in figure 5.13. The 
data are now seen to fall along the (flEExp- flEMeas) = 0 MeV axes. Events 
falling along either the horizontal or vertical loci were selected and ambiguous 
events common to both loci were removed from further analysis as before. 
For type II events, the PSSSD strip recording an energy less than 34 MeV 
was assumed to correspond to a penetrating a-particle and the PSSSD energies 
corrected for crosstalk assuming the other strip to correspond to a stopped heavy 
ion. Figure 5.14 shows the particle identification spectrum incremented for the 
candidate a-particle strips in which both type I and II events have been included. 
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and type II events. 
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A smooth a-particle locus is observed, consistent with that obtained for multi-
plicity 1 events (figure 5.12). Events associated with 3He ions are also observed. 
Events falling within the a-particle locus of figure 5.14 were selected for further 
analysis. 
5.4.1 Identification of Coincident Heavy Ions 
Following the identification of a-particles stopped in the Csi(Tl) crystal, the 
total energy ＨｅｾｯｴＩ＠ of these particles was evaluated from the sum of the energies 
measured in the PSSSD ＨＶＮｅｾ･ｰＩ＠ and Csi(Tl) Ｈｅｾ ＸＱ ＩＬ＠
(5.9) 
This energy was then corrected for energy losses in the entrance dead layer of the 
PSSSD to obtain the energy upon incidence of the PSSSD surface and hence on 
exit of the gas ionisation chamber. 
For events in which a heavy ion is stopped in a separate strip of the PSSSD, 
a signal will be produced in the gas ionisation chamber. The ionisation chamber 
energy loss signal (D..Egas) will then be equal to the sum of the energies deposited 
in the gas by the a-particle ＨｄＮＮｅｾ｡ｳＩ＠ and the heavy ion (D..EJ:f), 
(5.10) 
The energy deposited in the ionisation chamber by the a-particle was calculated 
from the energy upon incidence of the PSSSD in the manner described in sec-
tion 4.2.2. This allowed the energy deposited in the gas by the heavy ion to be 
evaluated from the measured ionisation chamber energy loss signal, 
(5.11) 
Figure 5.15 shows the particle identification spectrum for heavy ions in coin-
cidence with an a-particle in the same hybrid detector telescope. This spectrum 
was obtained by plotting the energy loss of the heavy ions in the gas, evaluated 
from equation 5.11, against the energy measured in the appropriate silicon strip 
after correction for crosstalk. The heavy ions associated with each of the loci 
seen in figure 5.15 were identified by comparison with the particle identification 
spectrum obtained for multiplicity 1 events shown in figure 5.2. Placing software 
windows around specific loci in the particle identification spectrum of figure 5.15 
then allowed heavy ions in coincidence with the a-particles to be selected. 
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Figure 5.15: Particle identification spectrum for heavy ions in coincidence with 
a-particles within the same hybrid detector telescope. 
The group of events to the bottom left of figure 5.15 and its vertical tail is 
much reduced compared to that in figure 5.2. These remaining events are due to 
double a-particle events in the PSSSD with the occasional accompaniment of a 
heavy ion in the ionisation chamber. 
5.4.2 Application to Four-Body Final States 
The 12C(24Mg, 160 12C a)a Reaction 
The use of two hybrid detector telescopes allowed the techniques discussed so 
far to be applied to the study of four-body final states from a nuclear reaction. 
The events considered corresponded to an a-particle and heavy ion detected in 
one hybrid telescope in coincidence with a heavy ion detected in the other hybrid 
telescope. The techniques have been applied to the analysis of the 12C(24 Mg,160 
12C a)a reaction from the data collected with the pure carbon target. 
Coincidences between a-particles and carbon ions in the same hybrid telescope 
(either telescope 1 or 2) were identified as previously discussed. Coincidences 
between these events and oxygen nuclei in the other hybrid telescope were then 
selected. Genuine coincidences between telescopes were selected by gating on 
the prompt coincidence peak in the TDC time difference spectrum between the 
PSSSD signals in the two telescopes. The TDC value for the PSSSD containing 
multiplicity 2 events was taken as the average of the TDC values for the two active 
strips. After requiring genuine coincidences between these two strips (figure 5.6) , 
these TDC values will be nearly identical. 
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The measured energies of the detected ions, assuming 4He and 12C in one 
telescope and 160 in the other, were corrected for energy losses in the gas ion-
isation chambers, mylar windows and target as discussed in section 4.2.2 (the 
12 C ion energy was also corrected for energy losses in the PSSSD entrance dead 
layer). Their momenta were then evaluated using position information provided 
by the PSSSD's. It is reasonable to expect that the crosstalk between two strips 
of a PSSSD will not affect the position information which results from resistive 
charge division at the segmented front contact. The momentum of the undetected 
recoiling a-particle (Precoit) was reconstructed from momentum conservation, 
Precoil = Pbeam - Pl6Q - p12C - Pa 
allowing the recoil energy (Erecoil) to be calculated, 
Erecoil = 
2 
Precoil 
2mrecoil 
(5.12) 
(5.13) 
The four-body reaction Q-value was then reconstructed, rn analogy with the 
three-body reaction Q-value discussed in section 2.2.1, frorn the difference be-
tween the total kinetic energy of the four final state particles and the effective 
energy of the incident beam (168.72 IvieV), 
Q = El6Q + E12C + Ea + Erecoil - Ebeam (5.14) 
The Q-value spectrum obtained is shown in figure 5.16 in which three peaks 
are observed. The peak labelled Q9999 lies at Q = (-14.238±0.042) MeV in close 
agreement with the calculated Q-value of -14.044 MeV for the 24Ivig(12C,16 0 12 C 
a)a reaction in which all four final state particles are emitted in the ground state. 
The observed width of this peak is (2.272±0.100) MeV. 
The peak at Q = (-19.972±0.040) MeV is associated with Q999 events in which 
either the 160 Is excited to the doublet at "'6.1 MeV (ot, 31), for which Q ｾ＠
(-14.044- 6.1) ｾ＠ -20.1 MeV, or the 12C is excited to the first 2+ excited state 
at 4.439 MeV for which Q = (-14.044- 4.439) = -18.483 MeV. The peak at Q = 
(-25.198±0.038) MeV is associated with Q99 events in which both the 160 and 12C 
fragments are emitted in the above excited states, for which Q ｾ＠ (-14.044- 6.1-
4.439) ｾ＠ -24.6 MeV. The calculated positions of these Q-peaks are indicated by 
the vertical arrows in figure 5.16. 
In figure 5.17, the reconstructed Q-value is shown plotted against the (labo-
ratory) energies of each of the four particles in the final state. The vertical loci 
corresponding to the Q9999 , Q999 and Q99 peaks in figure 5.16 are seen to be in-
dependent of the reconstructed energies of the fragments. This suggests that the 
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Figure 5.16: Reconstructed Q-value spectrum for the 12C(241vlg,160 12C a)a re-
action at a beam energy of 170 1vle V. The vertical arrows indicate the calculated 
positions of the Q-peaks as discussed in the text. 
form of the crosstalk correction discussed in section 5.2.2 is valid and that the 
energies and angles of all the particles involved have been correctly determined. 
The energy vs momentum plot for recoil nuclei from the 12C(24Mg,160 12C 
a)a reaction is shown in figure 5.18. The data are seen to be consistent with the 
predicted loci for Q 9999 , Q 999 and Q 99 events, shown by the solid lines, confirm-
ing that for these events the correct recoil mass has been assumed in the event 
reconstruction. 
Assuming the 12C and a-particle detected in the same hybrid telescope to 
originate from the decay of a resonant 160 particle, the excitation energy of the 
decaying state may be determined from the relative energy (Erel) between the 
two detected fragments. For events falling under the Q9999 peak in the Q-value 
spectrum of figure 5.16, all final state particles are in the ground state and the 
excitation energy (Ex) of the decaying 160 is given by Ex = Erel - Qbu where 
Qbu = -7.161 MeV is the breakup Q-value for 160 --t 12C+a. The 160 excitation 
energy spectrum for these events is shown in figure 5.19. The three prominent 
peaks in the spectrum have been associated with states at 9.85 (2+), 10.35 (4+) 
and 11.10 MeV (4+) previously observed to a-decay to the 12C ground state 
[1, 175]. The observed widths of the two higher energy peaks are (174±23) and 
(209±32) keV respectively while the width of the 9.85 MeV peak is (363±48) keV. 
The larger width observed for this peak may be due to contributions from the a-
decay of the 9.58 MeV (1-) state in 160 [1]. Selecting events falling under specific 
peaks in the excitation energy spectrum of figure 5.19 may in principle allow final 
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Figure 5.17: Reconstructed Q-value for the 12C(24Mg,160 12C a)a reaction at 170 
MeV plotted against the (laboratory) energies of the four final-state particles. 
state interactions between the excited 160* particles and the ground state 16 0 
nuclei to be studied. Unfortunately, in t his test experiment, the statistics were 
insufficient to allow this. 
5.5 Detection of 8Be98 ---+ a+a Events 
The 8Be nucleus is unbound by ""'92 keV [91 , 225) for decay into two a-particles. 
The identification of 8Be98 may thus be achieved by reconstructing the relat ive 
energy between two a-particles detected in separate strips of a PSSSD. Events 
falling under the 8Be98 peak at ""'92 ke V in the relative energy spectrum may 
then be selected. The techniques discussed in the previous sections have been 
extended to the detection and reconstruction of 8Be98 -+ a+a events in which 
either one or both of the a-particles penetrate the PSSSD and produce a signal 
in the Csl(Tl) section. 
It was shown in section 5.1 that incident a-particles will always deposit less 
than ""'33 MeV in the PSSSD's, irrespective of whether they penetrate or stop in 
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Figure 5.20: Gas ionisation chamber energy spectrum (telescope 1) for multiplic-
ity 2 events in which both strips record an energy (before crosstalk correction) 
less than 34 MeV. The vertical arrow indicates the upper limit placed on the 
ionisation chamber energy signal at 1.2 Nie V to remove heavy ion events. 
the silicon wafer. Candidate 8Be95 events were thus identified by multiplicity 2 
events in a PSSSD for which both strips recorded an energy (before crosstalk cor-
rection) less than 34 MeV, in analogy with type I events discussed in section 5.2. 
Figure 5.20 shows the gas ionisation chamber energy spectrum (for telescope 1) 
for such events in which the peak at low energies corresponds primarily to the 
coincident detection of two a-particles. Events extending to higher energies are 
associated with the detection of heavy ions which deposit more energy in the 
ionisation chamber. These were removed from subsequent analysis by placing an 
upper limit on the ionisation chamber energy loss signal at 1.2 MeV, indicated 
by the vertical arrow in figure 5.20. 
Three types of 8Be98 ｾ＠ a+a event have been studied. These correspond to 
events in which (i) both a-particles stop in the PSSSD, (ii) one a-particle stops in 
the PSSSD, the other in the Csi(Tl) and (iii) both a-particles stop in the Csi(Tl). 
The data may also contain events in which one or both of the a-particles stop 
in the dead-region between the PSSSD and Csl(Tl). It will be shown that such 
events, in which the particles will be misidentified as stopping in the PSSSD, 
account for only a small fraction of all 8Be98 events and may thus be neglected. 
5.5.1 Both a-particles stopped in PSSSD 
To reconstruct 8Be98 ｾ＠ a+a events where both a-particles stop in the PSSSD, 
events for which no signal was produced in the Csi(Tl) section were selected. It 
was then assumed that each of the two active strips in the PSSSD corresponded to 
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Figure 5.21: Relative energy between two a-particles stopped in separate strips 
of a PSSSD after correction for crosstalk. The peak at "'92 ke V corresponds to 
8 Be98 -t a+a events. 
an incident a-particle. In section 5.2, it was shown that for multiplicity 2 events 
where one particle penetrated the PSSSD and the other was stopped, crosstalk 
between the two active strips modified the energies measured in the PSSSD. The 
crosstalk effect may similarly be expected to modify the energies measured for 
multiplicity 2 events where both particles stop in the PSSSD. Extending the 
arguments of section 5.2 to the present case, the energies (E{l1eas and ｅｾｦ･｡ｳＩ＠
measured in the two strips of the PSSSD are expected to take the form, 
Elvfeas _ EDep _ nEMeas [1] - [1] '/ [2] 
EMeas _ EDep _ nEMeas [2] - (2] '/ [1] 
(5.15) 
(5.16) 
where ｅｾ･ｰ＠ and ｅｾ･ｰ＠ are the true energies of the incident particles. Since the 
measured energies are determined from calibrations derived for stopped particles, 
only cross terms appear. Re-arrangement of equations 5.15- 5.16 then yields the 
appropriate corrections for the crosstalk, 
E Dep _ EMeas + nEMeas [1] - (1] '/ [2] 
E Dep _ EMeas + nEMeas [2] - [2] '/ [1] 
(5.17) 
(5.18) 
For the events under discussion, the energies measured in the two strips were 
thus corrected for crosstalk using equations 5.17- 5.18. Assuming both strips to 
correspond to incident a-particles, the energies were then further corrected for 
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Figure 5.22: Energy spectra of a-particles stopped in the PSSSD for (a) multi-
plicity 1 events, (b) those originating from 8Be -+ a+a events with correction for 
crosstalk and (c) as for (b) but with no correction for crosstalk. The dotted lines 
indicate the maximum energy deposited in each case. 
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energy losses in the entrance dead layer of the PSSSD, the gas volume and mylar 
window of the ionisation chamber and the target. The relative energy between the 
two a-particles was then reconstructed. The relative energy spectrum obtained 
for such events in telescope 1 is shown in figure 5.21 in which the peak at "'92 
ke V corresponds to 8 Be98 events. 
The validity of the crosstalk correction for these events may be demonstrated 
by comparing the measured energies of a-particles originating from 8Be95 events 
to those of a-particles observed in multiplicity 1 events. For multiplicity 1 events 
in telescope 1, the PSSSD energy (upon incidence of the depleted region) spec-
trum for a-particles stopped in the PSSSD (i.e. no signal produced in Csi(Tl) 
detector) is shown in figure 5.22(a) where the maximum energy of 32.8 MeV de-
posited by incident a-particles is indicated by the dotted line. Figure 5.22(b) 
shows the equivalent PSSSD energy spectrum for a-particles originating from the 
decay of 8Be95 i.e. for events falling under the peak at "'92 keV in the relative 
energy spectrum of figure 5.21. After crosstalk correction, the m3..t-x:imum energy 
deposited by a-particles in the PSSSD is found to be 32.8 1vieV (dotted line) in 
agreement with that observed for multiplicity 1 events. 
The data were also re-analysed in an identical manner except that no crosstalk 
correction was applied to the energies measured in the PSSSD. This was found 
to have little effect on the relative energy spectrum of figure 5.21. This is reason-
able since neglecting the crosstalk underestimates the energies of both particles 
by a similar amount and hence the relative energy is not severely affected. Fig-
ure 5.22(c) shows the PSSSD energy spectrum for a-particles originating from 
8Be95 events (i.e. for events falling under the peak at "'92 keV in the relative 
energy spectrum) where no crosstalk correction has been applied. In this case 
the maximum a-particle energy is found to be 31.0 MeV, indicated by the dotted 
line, in disagreement with that observed for multiplicity 1 events. This result 
shows that a crosstalk correction of the form given by equations 5.17 - 5.18 is 
required for events in which two particles stop in the PSSSD. 
5.5.2 One a-particle stopped in Csi(Tl) 
Events in which one of the a-particles originating from the decay of 8Be98 reaches 
the Csi(Tl) crystal have also been studied. For multiplicity 2 events in which 
a signal was also produced in the Csi(Tl), the strip corresponding to a single 
penetrating a-particle was determined in an identical manner to that described 
in sections 5.2 and 5.4 for type I events, except for the additional limit placed 
on the ionisation chamber energy loss signal. Each strip in turn was assumed to 
correspond to a penetrating a-particle and the PSSSD energies were corrected 
for crosstalk (equations 5.5 - 5.6) assuming the other particle to stop in the 
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Figure 5.23: Relative energy spectrum for events where one a-particle is stopped 
in the Csi(Tl) reconstructed assuming a second a-particle stopped in the PSSSD. 
The peak at rv92 keV corresponds to 8Be9s --t a+a events. 
PSSSD. The expected energy loss of a-particles in the PSSSD, determined from 
the Csi(Tl) signal, was then compared to that actually measured in each of the 
strips as in the example of figure 5.13. This allowed the strip corresponding to a 
penetrating a-particle to be determined. Ambiguous events common to both the 
horizontal and vertical loci in the two-c;limensional spectrum (as in figure 5.13) 
were again excluded from further analysis. The total energy of the penetrating 
a-particle was then obtained from the sum of the energies deposited in the PSSSD 
and Csi(Tl) as in section 5.4.1. 
Assuming the stopped ion to also be an a-particle, the energies of both par-
ticles were corrected for energy losses in the entrance dead layer, gas volume, 
mylar window and target. The momenta of both particles were then determined 
from position information supplied by the PSSSD and their relative energy was 
reconstructed. Figure 5.23 shows the relative energy spectrum obtained for such 
events in telescope 1. The peak at rv92 ke V again corresponds to 8Be9s events. 
5.5.3 Both a-particles stopped in Csi(Tl) 
For multiplicity 2 events in which a signal was also produced in the Csi(Tl) 
crystal and which were not associated with a single a-particle in the Csi(Tl) 
(as discussed in the previous section), crosstalk corrections were applied to the 
energies measured in the PSSSD assuming both particles to penetrate the silicon 
wafer. Since calibration parameters deduced for stopped particles were used to 
determine the energy loss in the PSSSD of the penetrating particles, the energies 
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measured in the PSSSD are expected to be of the form, 
ｾｅｩｶｴ･｡ｳ＠ _ ｾｅｄ･ｰ＠ _ ｲｾｄＬＮｅｄ･ｰ＠ _ ｲｾｄＮｅｄ･ｰ＠[1] - [1) '/ [1] '/ [2) 
"Etvt eas _ "EDep "EDep "EDep 
u (2) - u (2] - T]u. [2) - TJU. [1) 
(5.19) 
(5.20) 
which follows from the arguments given in section 5.2. Re-arrangement of equa-
tions 5.19 - 5.20 then yields expressions for the true energies deposited by the 
penetrating particles in terms of the energies actually measured in each of the 
two strips. These expressions may be written, 
ｾｅｄ･ｰ＠ = 1 ｛ｾｅｬｶｦ･｡ｳ＠ + ＷＱ ｾｅｩＧｶｦ･｡ｳ｝＠[1] (1- 2rJ) [1) '/ [2] (5.21) 
ｾｅｄ･ｰ＠ = 1 ｛ｾｅｍ･｡ｳ＠ + ＷＱ ｾｅｍ･｡ｳ｝＠[2] (1 - 2TJ) [2] '/ [1] (5.22) 
Figure 5.24 shows the summed energy in the two strips of the PSSSD, after 
crosstalk correction, plotted against the energy measured in the Csi(Tl) sec-
tion. The locus corresponding to 8Be events for which both a-particles reach 
the Csi(Tl) crystal is indicated. The group of events towards the bottom left of 
figure 5.24 follow the locus for a single penetrating a-particle as shown in fig-
ure 5.12. These events are thus associated with a single a-particle penetrating 
the PSSSD at the gap between two adjacent strips. In this case, the charge pro-
duced (proportional to the energy deposited) is shared between the two strips. 
The locus of missing events in figure 5.24 corresponds to 8Be events in which only 
one of the a-particles reaches the Csi(Tl) as discussed in the previous section. 
Such events have been removed from the present analysis and hence are absent 
from figure 5.24. 
The form of particle identification spectrum illustrated in figure 5.24 allowed 
8Be events corresponding to two a-particles stopped in the Csi(Tl) crystal to 
be selected for further analysis by placing a two dimensional software window 
around the 8Be locus. For such events, the Csl(Tl) energy signal is composed 
of contributions from the energies deposited by both a-particles. Furthermore, 
the Csl(Tl) energy calibration as deduced in section 5.3 is expected to be valid 
only for single incident a-particles. This required the energy of each a-particle 
on exit of the PSSSD to be determined individually from the known energy loss 
in the PSSSD. These calculations were performed on an event by event basis in 
an identical manner to that described in section 5.3 in relation to the Csi(Tl) 
calibration. This allowed the energy of each a-particle upon incidence of the 
PSSSD to be determined in analogy with equation 5.9. These ･ｮ･ｲｧｾ･ｳ＠ were then 
further corrected for energy losses in the entrance dead layer of the PSSSD, the 
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Figure 5.24: Particle identification spectrum for multiplicity 2 events showing the 
sum of the energy loss signals measured in the two active strips of the PSSSD 
(after crosstalk correction) plotted against the energy signal in the Csi(Tl). The 
various loci indicated in the figure are discussed in the text. 
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events. 
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gas volume, mylar window and target allowing the momentum of each particle 
and hence their relative energy to be determined. Figure 5.25 shows the relative 
energy spectrum for such events in telescope 1. The peak at rv92 keY again cor-
responds to 8Be98 events. The observed width of this peak, (51±1) keY F\tVH:NI, 
is slightly greater than that observed for other 8Be98 events where either both 
a-particles are stopped in the PSSSD, (33±1) keY FWHM, or one a-particle is 
stopped in the Csl(Tl), (27±1) keY F\tVHivi. This is due to the necessity of cal-
culating on an event by event basis the energy on exit of the PSSSD, and hence 
the incident energy, from the known energy loss in the PSSSD. This is expected 
to show a greater dependence on the PSSSD energy resolution than if the total 
energies are actually measured in the PSSSD and Csi(Tl). 
5.6 Overview of Gas-Si-Csl Hybrid Telescopes 
The inclusion of the Csl(Tl) section into the design of the hybrid detector tele-
scopes has been shown to extend the range of applications for which these tele-
scopes may be used. 
For multiplicity 1 events, the Csl(Tl) section enables the hybrid telescopes to 
operate in light ion mode allowing energetic light ions to be identified and their 
energies and momenta reconstructed. In this case the gas ionisation chamber 
signal may be used to remove heavy ion events. It was shown that for particles 
penetrating the PSSSD, the energy loss calibration differs from the energy cal-
ibration obtained for stopped particles. A correction for this has been applied 
allowing the Csi(Tl) energy signal to be calibrated from the known energy loss 
of a-particles in the PSSSD. Figure 5.26(a) shows the energy spectra (upon inci-
dence of the depleted region of the PSSSD) for multiplicity 1 events (in telescope 
1) corresponding to a-particles which either stop in the PSSSD or Csl(Tl). It is 
seen that for the PSSSD's used in the present experiment, with a depletion depth 
of rv500 J.Lm, a-particles entering the PSSSD with energies less than 32.8 MeV will 
be stopped therein. On the other hand, a-particles incident with energies greater 
than 33.5 MeV have sufficient energy to reach the Csi(Tl) and produce a signal 
above threshold. This extends the range of sensitivity of the telescopes to higher 
energy light particles. For a-particles incident with energies in the range 32.8 to 
33.5 MeV, these will penetrate the PSSSD but have insufficient energy to produce 
a signal in the Csl(Tl) and hence will stop in the dead-region between the silicon 
and Csi(Tl) detectors. Such events will then be misidentified as stopping in the 
PSSSD ·where an energy in the range rv27- 32.8 MeV will be measured. These 
events form a shoulder in the PSSSD energy spectrum for stopped a-particles as 
seen in figure 5.26(a). 
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Figure 5.26: Energy (upon incidence of the depleted region of the PSSSD) spectra 
for a-particles (a) from multiplicity 1 events (b) in coincidence with heavy ions 
in the same telescope and (c) originating from different types of 8Be95 -t a+a 
events. The events labelled "1 a stopped in PSSSD" in (c) are associated with 
the events identified as "1 a stopped in Csi(Tl)", as in section 5.5.2. 
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For multiplicity 2 events, the inclusion of the Csi(Tl) section allows the detec-
tion of heavy ions stopped in the PSSSD in coincidence with a-particles passing 
through a separate strip and stopping in the Csi(Tl). In this case the Csl(Tl) 
signal is used to identify which, if any, of the two active strips corresponds to 
the penetrating a-particle. Particle identification for the coincident heavy ions is 
then achieved using energy loss information supplied by the gas ionisation cham-
ber. It was found that for multiplicity 2 events, crosstalk between the two active 
strips of the PSSSD modifies the energies measured for the two particles. This 
crosstalk may be attributed to capacitive coupling via the unsegmented rear-face 
of the PSSSD and is apparently related to the observation that the energy cali-
bration for penetrating particles differs from that for stopped particles. The form 
of the crosstalk is thus dependent on whether the particles stop or penetrate the 
PSSSD. Empirical corrections for the crosstalk have been deduced for the three 
cases where (i) both particles stop in the PSSSD, (ii) both particles stop in the 
Csi(Tl) and (iii) one particle stops in the Csi(Tl), the other in the PSSSD. 
Figure 5.26(b) shows the energy spectrum (upon incidence of the depleted 
region of the PSSSD) for a-particles in coincidence with heavy ions in the same 
telescope. The threshold for detection of these a-particles is rv33.5 MeV in agree-
ment with the value observed for multiplicity 1 events. The detection and identi-
fication of heavy ions in coincidence with a-particles in the same telescope allows 
four body final states to be studied, if an ion is detected in coincidence in a 
separate hybrid telescope. This technique has been applied to the analysis of 
the 12C(24Mg/60 12C a)a reaction at a beam energy of 170 MeV where the 12C 
and a-particle were detected in one telescope in coincidence with an 160 ion in 
the other telescope. The four-body reaction Q-value reconstructed from the data 
was found to be independent of the energies deduced for each of the four final 
state particles further supporting the general form of the crosstalk correction de-
duced empirically. For events in which all final state particles are emitted in the 
ground state, reconstructing the relative energy between the 12C and a-particle 
allowed the excitation energy of the a-decaying 160 particle to be deduced. This 
technique may be applied to the study of breakup reactions leading to a parti-
cle unbound state in one of the breakup fragments. The statistics in this test 
experiment were however insufficient to pursue this in detail. 
Due to the sensitivity for detecting coincident heavy and light particles with 
small opening angles and hence low relative energy, these techniques may also 
be applied to the study of unbound states near decay threshold, which are of 
astrophysical interest. Campajola et al [32] and Niorone et al [156] have recently 
reported on a three-stage Gas-Si-Csi detector telescope of similar design to that 
used in the present experiment, with emphasis on the study of states near thresh-
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old. The techniques described in this chapter offer a simpler analysis of such 
reactions than that described by :Niorone et al [156]. 
The Csi(Tl) section also allows the detection of high energy a-particles origi-
nating from the decay of 8Be95 • Figure 5.26(c) shows the energy spectrum (upon 
incidence of the depleted region of the PSSSD) for a-particles originating from 
different types of 8Be95 --+ a+a events. The majority of events are seen to con·e-
spond to the detection of both particles in either the PSSSD or Csi(Tl). This is 
a consequence of the small relative energy (92 ke V) of the a-particles originating 
from the breakup of 8 Be95 • The upper limit of 32.8 :NieV for a-particles stopped 
in the PSSSD and the lower threshold of 33.5 MeV for a-particles stopped in the 
Csl(Tl) observed for these events is consistent with that observed for multiplicity 
1 events. This again suggests that the general form of the crosstalk correction de-
duced empirically is valid. Events in which either one or both of the a-particles 
are stopped in the dead-region between the silicon and Csi(Tl) detectors have 
not been explicitly considered. However, it is seen from the narrow gap in fig-
ure 5.26(c) that such events are expected to form only a small fraction of all 8Be95 
events. The Csl(Tl) section thus provides a means to detect 8Be particles over 
a wide dynamic range, in addition to heavy ion + a-particle coincidences and a 
complete range of light ion particles in singles mode. 
The thickness of the silicon detectors can be fine-tuned to the energies and 
channels of interest. For example, a silicon wafer thickness of 300 J.Lm would move 
the gap in figure 5.26 to ""23.8 :NieV, away from the peak in the a-particle energy 
distribution, while still stopping 12C ions with energies up to ""130 MeV. This 
decrease in the energy threshold for detecting penetrating a-particles would also 
increase the efficiency for detection of heavy ion + a-particle coincidences in the 
same telescope. 
Chapter 6 
Experimental Results 
In this chapter, the experimental results for the cluster breakup of 28Si and 24 :Nig 
are presented. Similarities in the 28Si excitation energy spectra obtained via the 
12C(24Mg/2C 160) 8Be, 7Li(24Mg,12C 160) 3H and 9Be(24l\!Ig/2C 160) 5He reactions 
indicate that the dominant reaction mechanism populating these cluster states is 
direct a-transfer onto the 241\tig projectile. Evidence for the 160(24 l\!Ig/2C 160) 12C 
reaction is also observed. 
Evidence is presented for the 12C+12 C breakup of 24Mg observed via the 
160(24 l\!Ig,12C 120)160 reaction reconstructed from the data collected with the 
composite LiCO target (containing 7Li, 12C and 160 nuclei). No evidence is 
observed for either the 7Li(24Mg,12C 12C)1Li or 9Be(24Mg,l2 C 12C)9Be reactions. 
6.1.1 Q-value Spectrum 
Figure 6.1 shows the Q-value spectrum for the 12C(24Mg/2C 160) 8Be reaction 
obtained from the data collected with the pure carbon target. The peak labelled 
Q999 occurring at Q = (-14.184±0.011) MeV corresponds to events in which 
all three final state particles are emitted in the ground state (the quoted error 
is statistical only). The position of this peak is in good agreement with the 
calculated Q-value of -14.137 MeV for this reaction. The width of the peak 
obtained from a Gaussian fit is (942±34) keV. This is slightly worse than the 
value of 866 keV FWHM predicted by the Monte Carlo code RESOLUTION [61). 
This small discrepancy is attributed to radiation damage (section 4.1.7) causing 
a degradation in the performance of the detectors with time. Little evidence for 
Q 99 or Q 9 events (corresponding respectively to either one or two of the final 
state particles leaving the reaction in the ground state) is observed in figure 6.1. 
The steeply rising background immediately to the left of the Q 999 peak is however 
expected to arise, at least in part, due to the excitation of the broad low-lying 
states in the unbound 8Be recoil nucleus [14]. 
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Figure 6.1: Reconstructed Q-value spectrum for the 12C(24 Mg, 12 C 160) 8Be reac-
tion obtained from the pure carbon data. The peak labelled Q999 corresponds to 
events in which all three final state particles leave the reaction in their ground 
states. 
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Figure 6.2: Energy vs momentum plot for undetected recoil nuclei from the 
12C(24Mg,12C 160) 8Be reaction obtained from the pure carbon target data. The 
solid line indicates the predicted locus for Q 999 events. 
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The energy vs momentum plot [52] for the undetected recoil nuclei is shown 
in figure 6.2. The predicted locus for events corresponding to a recoil mass of 
8 a.m.u. and Q = -14.137 JVIeV is indicated by the solid line. A projection 
parallel to this line would give the spectrum profile shown in figure 6.1. The 
predicted locus is seen to be in excellent agreement with events corresponding to 
the Q 999 peak indicating that for these events the masses of the particles have 
been correctly determined. 
6.1.2 Excitation Energy Spectrum 
Events falling under the Q999 peak of figure 6.1 were selected and the excitation 
energy of the resonant 28Si nucleus reconstructed. This was determined from 
the relative energy between the detected fragments (equation 2.28) and the two-
body breakup Q-value (Qbu = -16.755 JVIeV for 28Si ---7 12C+160). The excitation 
energy spectrum obtained is shown in figure 6.3. Several peaks are seen in the 
spectrum suggesting that breakup is occurring from discrete states in the resonant 
28Si nucleus. This implies an underlying structure favouring the observation of 
these states over the high density of states (approximately 30 states per Ivie V 
[146]) expected in this excitation energy region. 
The same three-body final state (12C+160+8Be) may also be formed via the 
12C(24Mg,20Ne*-712C+8Be) 160 and 12C(24Mg,24Mg*--)-160+8Be) 12C reactions. 
Figure 6.4 shows the relative energy between the 12C and 8Be fragments plotted 
against that between the 160 and 8Be fragments. No evidence for either vertical 
or horizontal loci is observed indicating that final state interactions between either 
of the detected fragments and the undetected recoil nucleus are not present in the 
data. The diagonal loci correspond to the 12C+160 final state interaction peaks 
shown in figure 6.3. 
The peaks in figure 6.3 were analysed using a Gaussian peak-fitting routine 
within BUFFIT [44]. The centroids and observed widths of these breakup states 
are summarised in table 6.1. States are seen to be strongly populated at excitation 
energies of 28.16, 29.82, 33.37 and 34.51 MeV. There is evidence that the broad 
structure at rv31.5 MeV is fragmented into narrower structures at rv31.2 !vie V 
and 31.87 MeV. There is also evidence for a structure at 32.47 MeV, which forms 
a shoulder on the low energy side of the 33.37 MeV peak, and a weak (due to 
its proximity to the Coulomb barrier) peak at 26.51 MeV. The Monte Carlo 
predicted excitation energy resolution was calculated to be rv244 ke V for this 
reaction channel (section 3.3.2). This is consistent with the 236 keV width of 
the narrowest state seen in figure 6.3. Assuming that the peaks represent single 
states, it is thus possible that the natural widths of some of the wider states have 
been observed. Alternatively, the peaks may consist of ｵｮｲ･ｾｯｬｶ･､＠ ｾｵｬｴｩｰｬ･ｴｳＮ＠
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Figure 6.3: Excitation energy spectrum for the 12C+160 decay of 28Si populated 
in the 12C(24Mg,12C 160)8Be reaction. The dashed curve indicates the Monte 
Carlo predicted detection efficiency. The vertical arrow indicates the Coulomb 
barrier in the centre-of-mass of the 12C+16 0 system. 
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Figure 6.4: Relative energy between each of the detected fragments and the 
undetected 8Be recoil for Q999 events from the 12C(24Mg,12C 160)8Be reaction. 
CHAPTER 6. EXPERIPviENTAL RESULTS 179 
Excitation Energy j Width Proposed 
(MeV) 1 (keV) J7r 
(26.51 ± 0.04) (251 ± 96) 
28.16 ± 0.09 942 ± 216 (13-) 
29.82 ± 0.03 666 ± 89 
30.49 ± 0.03 236 ± 81 
31.2 ± 0.1 
31.87 ± 0.07 (271 ± 197) 
(32.47 ± 0.16) 
33.37 ± 0.03 786 ± 84 
34.51 ± 0.04 491 ± 134 12+,14+ 
Table 6.1: Summary of the measured energies and observed widths of the 12C+160 
breakup states in 28Si populated in the 12C(24Mg,l2C 160)8Be reaction. The pro-
posed spin assignments are also given where available (see text). Where no width 
is indicated, this was not well determined by the data. Values in parentheses are 
tentative. 
The dashed curve in figure 6.3 indicates the detection efficiency predicted by 
the Monte Carlo code MAUL (92]. This was re-evaluated using the experimentally 
observed detector angles (section 4.2.3) and energy thresholds (19.5 MeV and 
26.0 MeV for 12C and 160 ions respectively). The data are seen to coincide 
with the excitation energy region for which the detection efficiency is maximised. 
The peak detection efficiency is 13.8% and is slightly less than that predicted in 
section 3.2.2 due to the revised experimental parameters used in the calculation. 
The experimental yield is seen to fall-off above rv36 MeV although the predicted 
efficiency profile would suggest that the detection system should allow excited 
states at high energies to be observed. This discrepancy is similar to the fall-off 
in cross section with increasing excitation energy observed in the 24Mg-t12C+12C 
breakup data of Leddy et al [140]. The reduction in cross section at high excitation 
energies may be attributed to the opening of other decay channels. The low 
energy cut-off in the excitation energy spectrum of figure 6.3 is attributed to the 
proximity of the Coulomb barrier at rv25 MeV indicated by the vertical arrow. 
6.1.3 Angular Correlations 
Events falling within each of the peaks in figure 6.3 were selected and 8* -'lj; angular 
correlation plots produced for each state. The angular correlations obtained for 
the strongly populated states at excitation energies of 28.16, 29.82, 33.37 and 
34.51 MeV are shown in figure 6.5. The correlations for the states at 29.82 
MeV and 33.37 MeV show no evidence of ridge structure. This was confirmed 
by projecting the data at a range of projection angles. No discernible periodic 
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Figure 6.5: 0*-'lj; angular correlations obtained for the breakup states at (a) 28.16 
MeV (b) 29.82 MeV (c) 33.37 MeV and (d) 34.51 MeV in 28Si observed in the 
12C(24Mg,12C 160)8Be reaction. 
structure was observed in any of the projections. Periodic structure was however 
observed in the projected correlations for the states at 28.16 MeV and 34.51 MeV. 
The projected correlations for these states are shown in figure 6.6. The periodicity 
of the projected correlation for the state at 28.16 MeV is consistent with that of 
a squared Legendre polynomial of order 13, indicated by the dotted curve in 
figure 6.6( a). Other spins are ruled out as illustrated in figure 6.6(b) showing 
the data overlaid with a squared Legendre polynomial of order 11. A spin of 
J7r = 13- has therefore been tentatively assigned to this state, the minimum at 
1/Jo = 90° indicating that this state is of negative parity. However, the high level 
of background present in the projected angular correlation suggests that states 
of other spins may also be be contributing to the broad peak at ""28.2 MeV. 
The projected angular correlation for the state at 34.51 MeV is shown in 
figures 6.6(c) and (d) overlaid with squared Legendre polynomials of order 12 and 
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Figure 6.6: Projected angular correlations for the states at 28.16 Iv1eV and 34.51 
MeV observed in the 12C(24Mg,l2C 160)8Be reaction overlaid with squared Leg-
endre polynomials of the order indicated in the figures. 
14 respectively. Both of these polynomials appear to give a reasonable description 
of the observed periodic structure and hence the data are unable to distinguish 
between spins of J1r = 12+ and J7r = 14+ for this state. The maximum at 
'lj;0 = 90° indicates that this state is of positive parity. 
From the angles of projection, indicated by the dashed lines in figures 6.5(a) 
and (d), the grazing angular momentum in the entrance channel (li) was deduced 
for each suggested spin assignment from the relation (section 2.2.4), 
dB* I J I 
- _ __,:______:__ 
d'lj; IIi I- I J I (6.1) 
The values obtained are listed in table 6.2. A value of li ｾ＠ 30.5n is deduced from 
the spin assignments of J = 13 to the state at 28.16 MeV and J = 14 to the 
state at 34.51 MeV. A value of li = (26.1±0.7) 1i would be implied from a spin 
assignment of J = 12 to the state at 34.51 MeV. The consistency with the value 
of li deduced for the lower energy state favours the J = 14 assignment for the 
higher energy state. However, different values of li are in principle possible for 
the same reaction mechanism and hence a J = 12 assignment is not excluded. 
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Excitation Energy Proposed Gradient Deduced li 
(MeV) Spin (n) (dB* /d'I/J) (n) 
28.16 13 0.74 ± 0.03 30.6 ± 0.7 
34.51 12 0.85 ± 0.04 26.1 ± 0.7 
14 0.85 ± 0.04 30.5 ± 0.8 
Table 6.2: Summary of the proposed spins, d(}* / d'lj; values and deduced entrance 
channel grazing angular mornentum (li) for the states in 28Si for which periodic 
structure was observed in the projected angular correlations. 
6.2.1 Q-value Spectra 
The 7Li(24Nig, 12C 160)3H reaction was reconstructed from data taken with the 
composite target which contained 12C and 160 nuclei in addition to 7Li. Due 
to the composite nature of this "LiCO" target, the incident 24 Nig beam could 
interact with either of the three target elements. Following the identification of 
carbon and oxygen coincidences between the two hybrid detector telescopes, sep-
arate Q-value spectra were reconstructed assuming recoil nuclei of 3H, 8Be and 
12C (i.e. reactions proceeding from 7Li, 12C and 160 target nuclei respectively). 
The Q-value spectra obtained are shown in figure 6.7. The spectrum which was 
reconstructed assuming a 7Li target, and hence 3H recoil, is shown in figure 6.7(a). 
The peak labelled Q999 corresponds to events from the 7Li(24Mg,l2C 160)3H re-
action in which all three final state nuclei are emitted in the ground state. The 
position of this peak at Q = (-9.323±0.024) MeV is in excellent agreement with 
the calculated Q-value of -9.329 MeV for this reaction. 
The Q-value spectra obtained under the assumption that the reactions proceed 
from the 12C and 160 target nuclei are shown in figures 6.7(b) and (c) respectively. 
The predicted positions of the Q 999 peaks, corresponding to all three final state 
nuclei emitted in the ground state, are indicated at Q = -14.137 MeV and -13.933 
MeV for the two reactions respectively. Evidence of a shoulder is seen at the 
predicted positions in both spectra although it is not possible to determine from 
this information alone whether these events correspond to reactions involving 
12C or 160 target nuclei. Peaks are also observed in figures 6.7(b) and (c) at 
Q ｾ＠ -10 MeV and correspond to Q999 events from the 7Li(24Mg,12C 160)3H 
reaction for which the recoil mass has been incorrectly assumed in the kinematic 
reconstruction. 
Figure 6.8(a) shows the energy vs momentum plot for recoil nuclei associated 
with 12C+160 coincidences. The predicted loci for events corresponding to recoil 
masses of 3 (solid line), 8 (dashed line) and 12 a.m. u. (dotted line) are indicated 
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Figure 6.7: Q-value spectra reconstructed from 120+160 coincidences observed 
in the LiCO composite target data. The data have been reconstructed assuming 
recoil nuclei of (a) 3H, (b) 8Be and (c) 120. The calculated positions of the Qggg 
peaks, corresponding to all three final state particles emitted in the ground state, 
are indicated in each case. 
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(a) 
Figure 6.8: (a) Energy vs momentum plot for recoil nuclei associated with 
12C+160 coincidences observed in the LiCO composite target data. The solid , 
dashed and dotted lines indicate the predicted loci for Q 999 events from the 
1Li(24Mg,12c 16Q)3H, 12C(24Mg,12C 16Q)sBe and 16Q(24Mg,12C 16Q)12C reactions 
respectively. (b) As for (a) but expanded along both axes. 
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Figure 6.9: Excitation energy spectrum for the 12C+160 decay of 28Si populated 
in the 7Li(24Mg,12C 160) 3H reaction. The dashed curve indicates the Ivionte Carlo 
predicted detection efficiency. The Coulomb barrier in the centre-of mass of the 
12C+160 system is indicated by the vertical arrow. 
with intercepts at Q = -9.329, -14.137 and -13.933 MeV respectively. Events are 
seen to fall along the predicted loci for Q999 events from both the 12C(24Mg,l2C 
160) 8Be and 160(24:Nig,12C 160) 12C reactions. Although these events are resolved 
at higher values of ｐｲｾ｣ＯＲＬ＠ at lower values the two reactions are unresolved. This 
is due to the experimental Q-value resolution of rv1 MeV (section 3.3.2) and the 
similarity between the Q-values for the two reactions. This is the first observation 
of the 160(24Mg,12C 160) 12C reaction. Figure 6.8(b) shows the recoil energy vs 
momentum plot expanded along the two axes. A group of events well resolved 
from the background is seen to follow the predicted locus for Q 999 events from 
the 7Li(24Mg,12C 160)3H reaction indicated by the solid line. A two dimensional 
software window placed around these events selected them for further analysis. 
6.2.2 Excitation Energy Spectra 
For Q999 events from the 7Li(24:Nig,12C 160)3H reaction, the excitation energy of 
the resonant 28Si nucleus was reconstructed from the relative energy between the 
12C and 160 fragments. The excitation energy spectrum obtained is shown in 
figure 6.9 in which peaks are observed at excitation energies of approximately 
28.2, 29.8, 33.6, 34.4 and 35.1 MeV. The dashed curve indicates the Monte Carlo 
predicted efficiency profile evaluated using the experimentally observed detec-
tor angles and energy thresholds. The peak detection efficiency is 16.9%. The 
data are seen to fall within the excitation energy region for which the detection 
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Figure 6.10: Relative energy between each of the detected fragments and the 3H 
recoil for Qggg events from the 7Li(24 Mg, 12C 160) 3H reaction. 
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Figure 6.11: Energy of the 12 C fragment, originating from the 12C+160 decay 
of 28Si, plotted against the reconstructed excitation energy in 28Si. The data 
correspond to Qggg events from the 7Li(24Mg,12C 160) 3H reaction. The dashed 
line indicates the energy cut at E(l2C) = 70 MeV employed in the analysis (see 
text). 
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Figure 6.12: Excitation energy spectra for the 12C+160 decay of 28Si populated 
in the 7Li(24l\tig,12C 160)3H reaction. The data have been separated into events 
corresponding to 12C decay fragments emitted with (laboratory) energies (a) > 70 
MeV and (b) ｾ＠ 70 MeV. The dotted lines are to guide the eye. The dashed 
curves indicate the Monte Carlo predicted detection efficiencies in each case with 
maximum values of 9.7% and 6.9% respectively. 
efficiency is maximised. At lower excitation energies the experimental yield de-
creases due to the proximity of the Coulomb barrier at ""25 MeV, indicated by the 
vertical arrow. At higher excitation energies the yield is again seen to fall more 
rapidly than predicted by the Monte Carlo simulation. As in section 6.1.2, this 
is attributed to the opening of other decay channels at higher excitation energy. 
Rather than proceeding via intermediate states in 28Si, the same three-body 
final state (12C+160+3H) may also be formed via the 12C+3H and 160+3H de-
cay of intermediate states in 15N and 19F. Figure 6.10 shows the relative energy 
between the detected 12 C and recoil 3 H plotted against that between the de-
tected 160 and recoil 3H. The absence of either horizontal or vertical loci in the 
spectrum suggests that final states interactions between either of the detected 
fragments and the undetected recoil are not present in the data. However, a 
CHAPTER 6. EXPERIMENTAL RESULTS 188 
120 
98 
80 150.0 
65 
54 
44 
36 
29 > 24 Q) 
19 ｾ＠16 100.0 
14 
....._ 
13 >-
12 0) ｾ＠
11 Q) 
10 c 
9 w 
7 0 50.0 (0 
6 
0.0 50.0 100.0 150.0 
12C Energy I MeV 
Figure 6.13: Correlation between the energies of the 12C and 16 0 fragments for 
Q999 events from the 7Li(24Mg, 12C 160) 3H reaction. Placing an upper limit of 70 
MeV on the 12C energy is seen to be equivalent to placing a lower limit of ｾＸＸ＠
MeV on the 160 energy. 
group of events is observed to the bottom left of figure 6.10 which give rise to 
the rising background in the excitation energy spectrum of figure 6.9 above Ex ｾ＠
36 MeV. These events are not attributed to the 12C+160 decay of 28Si and their 
origin is not clear. Such events may arise due to unresolved states in the 160+3H 
or 12C+3H systems. Their presence does not however affect the region of interest 
(between Ex = 26- 36 MeV) in the excitation energy spectrum of figure 6.9. 
Figure 6.11 shows the energy of the detected 12C fragment, after correction 
for energy losses in the gas, mylar and target (section 4.2.2), plotted against the 
reconstructed excitation energy in 28Si. The data appear split between the top 
and bottom regions of the plot such that different states appear with differing 
intensities in different regions of the two dimensional spectrum. Based on the 
structure of this plot, an energy cut has been placed on the data to separate 
events corresponding to 12C decay fragments emitted with (laboratory) energies 
above and below 70 MeV. The resulting excitation energy spectra for the two 
types of event are shown in figure 6.12. It is seen that separating the data 
in this way has improved the resolution in the excitation energy spectra and 
allowed the narrower states contributing to the broad peaks in figure 6.9 (i.e. the 
complete data set) to be resolved. Several of the narrower states appear in both 
spectra while others are most prominent in either figure 6.12(a) or (b). Moreover, 
prominent states in one excitation energy spectrum tend to appear as shoulders 
on prominent states in the other spectrum, as indicated by the dotted lines. This 
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Figure 6.14: (a) Definition of the decay angle 'lj; as utilised in the analysis of 
the 12C+16 0 breakup of 28Si. (b) 'lj; plotted against the reconstructed excitation 
energy in 28Si. The effect of placing limits on the energy of the 12C fragment is 
shown for (c) E(12C) > 70 MeV and (d) E(12C) ｾ＠ 70 MeV. 
correspondence implies that this separation of the data is not an experimental 
effect (arising, for example, due to errors in the detector calibrations) but rather 
a genuine effect of the experimental data. The is discussed below. 
Figure 6.13 shows the observed correlation between the energies of the 12 C 
and 160 fragments, for Q999 events from the 7Li(24Mg,12C 160) 3H reaction, which 
is consistent with expectations according to kinematics calculations. It is seen 
that placing an upper limit on the energy of the 12C fragment (dashed vertical 
line) at 70 MeV is equivalent to placing a lower limit on the energy of the 16 0 
fragment at rv88 MeV (dotted horizontal line). 
Figure 6.14(a) illustrates the definition of the decay angle 'lj; (section 2.2.1) as 
utilised in the analysis of the 12C+160 breakup of 28Si. Figure 6.14(b) shows this 
CHAPTER 6. EXPERINIENTAL RESULTS 190 
(a) E(l2 C) > 70 MeV (b) E(12C) ::; 70 l\!Ie V 
Excitation vVidth Excitation vVidth 
(l\IIeV) (keV) (l\IIeV) (keV) 
28.15 ± 0.02 431 ± 43 28.21 ± 0.04 963 ± 122 
29.47 ± 0.02 663 ±52 
29.96 ± 0.02 532 ± 63 
30.40 ± 0.02 443 ±51 
30.76 ± 0.03 (329 ± 104) 
31.58 ± 0.05 558 ± 172 
32.35 ± 0.08 (433 ± 320) 
33.02 ± 0.04 376 ± 104 
33.45 ± 0.03 524 ± 135 
(33.87 ± 0.04) 33.68 ± 0.04 474 ± 123 
34.36 ± 0.03 (337 ± 95) 34.41 ± 0.04 356 ± 114 
35.07 ± 0.04 475 ± 147 (35.12 ± 0.06) 
Table 6.3: Summary of the measured energies and observed widths of the 12C+160 
breakup states in 28Si populated in the 7Li(24Mg, 12C 160)3H reaction. The listed 
values were obtained separately for data corresponding to 12C fragments emit-
ted with (laboratory) energies either (a) greater than or (b) less than 70 l\IIeV. 
Where no width is indicated, this was not well determined by the data. Values 
in parentheses are tentative. 
decay angle plotted against the reconstructed excitation energy in 28Si for Q999 
from the 7Li(24l\11g, 12C 160)3H reaction. The trend is seen to be similar to that 
observed in figure 6.11 such that the data are again apparently separated into 
two regions towards the top and bottom of the figure. The effect of arbitrarily 
separating events into those corresponding to 12C nuclei emitted with energies 
either greater or less than 70 MeV is shown in figures 6.14(c) and (d). Placing 
such limits on the particle energies is seen to be equivalent to placing a cut on 
the decay angle at 'ljJ ｾ＠ 65°. The two types of event may thus be interpreted as 
corresponding to 12C fragments emitted preferentially either forwards or back-
wards in the centre-of-mass with respect to the beam direction. These different 
types of event will be discussed further in the discussion of the 9Be target data 
in section 6.3.2. 
The fitted energy centroids and widths of the states seen in figure 6.12 are 
listed in table 6.3 for the two types of event previously discussed. The widths 
of the narrower states listed in table 6.3 are comparable to the Monte Carlo 
predicted excitation energy resolution of 232 keV (section 3.3.2), suggesting that 
the natural widths of some of the wider states may have been observed. However, 
the state at 28.15 MeV in figure 6.12(a) shows evidence of being composed of a 
doublet of states at 28.12 and 28.52 MeV (with widths of approximately 220 and 
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290 keV respectively) in figure 6.12(b), suggesting that this and possibly other 
peaks in the excitation energy spectra n1ay be composed of multiplets. 
Due to the non zero spin of the 7Li target, the ()* -'l/J angular correlations for the 
breakup states are expected to take a rnore complicated form than for the case of 
zero spin target nuclei discussed in section 2.2.3. Da Silveira [64] has shown that 
in such cases (i.e. for a non zero spin target), if structure persists in the angular 
correlations then the spin of the decaying state may be determined by comparing 
the observed structure with the predictions of a suitable reaction model. How-
ever, in the present data, the ()* -'l/J angular correlations generated for the states 
observed in the 7Li(24IVIg, 12C 160)3H reaction were essentially structureless. This 
may be attributed partly to insufficient resolution in determining the correla-
tion angles ()* and 'l/J and partly to insufficient excitation energy resolution to 
resolve neighbouring states of different spin and parity. IVIoreover, as previously 
discussed, the narrow states were resolved only when limits were placed on the 
energy of the 12C fragments, or equivalently on the decay angle 'l/J (figure 6.14). 
Consequently, angular correlation plots incremented for these narrow states are 
inherently restricted in the angular range sampled. No spin information was 
obtained for the 12C+160 breakup states observed in the 7Li(24Mg, 12C 160 )3H 
reaction. 
6.3.1 Q-value Spectra 
Coincidences between carbon and oxygen ions detected in the two hybrid de-
tector telescopes were selected from the data taken with the 9Be target. The 
Q-value spectrum reconstructed assuming a 12C+160+5He final state is shown 
in figure 6.15. The calculated position of the Q999 peak for this reaction is in-
dicated at Q = -9.239 MeV. A large peak likely to be due to the reaction of 
interest is seen in the data at Q = (-10.279±0.007) MeV in disagreement with 
the calculated value for the assumed reaction. In obtaining the Q-value spectrum 
of figure 6.15, a nominal target thickness of 350 J.Lg cm-2 was assumed in the 
analysis when correcting for target thickness effects (section 4.2.2). However, it 
was noted in section 3.3.1 that prior to installation in the scattering chamber, a 
small tear was present in the 9Be target foil resulting in a tendency for the foil to 
curl. The effective thickness of the 9Be target was thus expected a priori to be 
greater than the nominal 350 J.Lg em - 2 thickness assumed above. This would then 
result in an underestimation of the reconstructed fragment energies and through 
equation 2.20, shift the Q-peaks in the Q-value spectrum to more negative values, 
in quantitative agreement with the data. 
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Figure 6.15: Q-value spectrum for the 9Be(24Mg,l2C 160)5He reaction recon-
structed assuming a nominal 9Be target thickness of 350 J.-Lg em - 2 . The calculated 
position of the Q999 peak corresponding to the reaction of interest is indicated at 
Q = -9.239 MeV. 
To determine the effective thickness of the 9Be target as implied by the data, 
the target thickness assumed in the energy loss corrections was varied and a Q-
value spectrum was reconstructed for each assumed target thickness. The effect 
of increasing the assumed target thickness was to decrease the average interaction 
energy (presuming that on average, interactions occur midway through the target) 
and to increase the reconstructed energy of the detected fragments. Figure 6.16 
shows the position of the reconstructed Q999 peak as a function of the assumed 
target thickness. The calculated position of the Q999 peak at Q = -9.239 l\IIeV 
is well reproduced if a target thickness of approximately 540 J.-Lg em - 2 (to the 
nearest 10 J.-Lg cm-2) is assumed in the event reconstruction. This would imply 
that the beam struck a part of the target that was at rv50° to the incident direction 
which is a reasonable value according to a visual inspection when the target was 
removed. 
The Q-value spectrum obtained assuming a 9Be target thickness of 540 J.-Lg cm-2 
is shown in figure 6.17(a). The Q999 peak now occurs at Q = (-9.247±0.006) MeV 
in agreement with the calculated value of Q = -9.239 MeV. The width of the 
peak is (2.069±0.015) MeV. This width is greater than the value of 1024 MeV 
predicted by the Monte Carlo code RESOLUTION [61] assuming a 540 J.-Lg cm-2 
target. This discrepancy may be due in part to the rv600 ke V width of the un-
bound 5He ground state [229} which is expected to contribute to the observed 
width of the Q 999 peak. The remaining discrepancy is again attributed to the 
degradation of the detectors' performance with time due to the effects of radia-
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Figure 6.16: Variation in the position of the reconstructed Q999 peak for the 
9Be(24Mg,12C 160)5He reaction with the target thickness assumed in the event 
reconstruction. The dotted line indicates the calculated reaction Q-value of -9.239 
MeV. The error bars indicate the observed FWHlVI of the Q999 peaks. 
tion damage (the 9Be target data was taken towards the end of the experiment 
where the effects of the damage are expected to be most pronounced). The en-
ergy vs momentum plot for recoil nuclei from the 9Be(24Mg,12C 160) 5He reaction 
is shown in figure 6.18. A group of events is seen to lie along the predicted locus 
for Q999 events indicated by the solid line. This confirms that for these events, 
the correct masses have been assumed for all particles involved. There is also 
evidence of a small peak at Q = (-5.052±0.022) MeV in the Q-value spectrum 
of figure 6.17(a) which corresponds to the group of events falling below the Q999 
locus in the two dimensional spectrum of figure 6.18 (projection of the data in 
figure 6.18 at an angle parallel to the Q999 locus results in the Q-value spectrum 
of figure 6.17(a)). The origin of these events is discussed below. 
The analysis has assumed that the identified carbon and oxygen ions have 
masses of 12 and 16 a.m.u. respectively. However, the precise masses of these ions 
are not determined by the particle identification spectra which give Z-resolution 
only (section 4.2.1). It is possible that the negative binding of the odd neutron 
in 5He could favour its capture onto the excited Si ejectile and hence onto either 
the carbon or oxygen fragment, resulting in a 13C+160+4He or 12C+170+4He 
final state. For the 12C and 7Li targets, the Q-values for such alternate reaction 
channels are more negative than for the reactions of interest. Consequently, 
events associated with such reactions fall under the background to the left of 
the Q999 peaks in the reconstructed Q-value spectra. This is not the case for 
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Figure 6.17: (a) Q-value spectrum for the 9Be(24Mg/2C 160)5He reaction recon-
structed assuming a nominal target thickness of 540 J.tg em - 2 • This is compared 
to Monte Carlo simulated Q999 peaks for the (b) 9Be(24Mg,l2C 170)4He and (c) 
9Bee4Mg,13C 160)4He reactions reconstructed assuming a 12C+160+5He final 
state. 
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Figure 6.18: Energy vs momentum plot for recoil nuclei from the 9Be(24Mg, 12 C 
160 )5He reaction reconstructed assuming a target thickness of 540 J.Lg em - 2 . The 
solid line indicates the predicted locus for Q 999 events from the reaction of interest. 
The group of events falling below the line are identified with 13C+ 160+ 4He and 
12C+170+4He final states (see text). 
the 9Be target where the calculated Q-values for the 9Be(24Mg, 12C 170) 4He and 
9Be(24Mg,l3 C 160)4He reactions are -4.201 MeV and -3.398 MeV respectively. 
The Nlonte Carlo code RESOLUTION [61] was used to determine whether these 
reactions may be responsible for the weak peak at Q = (-5.052±0.022) MeV in 
figure 6.17(a). The 12C+170 and 13C+160 breakup of 29Si populated via the 
9Be(24 Mg,29Si*) 4He reaction was simulated. The decay fragments were assumed 
to originate from a state at an excitation energy of 30 MeV in 29Si which would 
allow the carbon and oxygen fragments to be detected in coincidence in the two 
detectors. The precise excitation energy chosen has only a second order effect on 
the reconstructed Q-value through energy losses which depend on the fragment 
energies. The Q 999 peaks for the two simulated reactions were reconstructed 
assuming a 12C+160+5He final state and are shown in figures 6.17(b) and (c). 
The positions of the simulated Q999 peaks occur at Q = (-5.855±0.002) MeV 
and (-5.043±0.003) MeV for the 12C+170+4He and 13C+160+4He final states 
respectively. The peak at Q = (-5.052±0.022) MeV in the experimental Q-value 
spectrum of figure 6.17(a) is thus attributed to final states in which the masses of 
the detected carbon and oxygen fragments have been misidentified in the event 
reconstruction. 
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Figure 6.19: Excitation energy spectrum for the 12C+160 decay of 28Si populated 
in the 9Be(24Mg,l2C 160)5He reaction. The dashed curve indicates the :rvionte 
Carlo predicted detection efficiency. The vertical arrow indicates the Coulomb 
barrier in the centre-of-mass of the 12C+160 system. 
6.3.2 Excitation Energy Spectra 
Events falling under the Q999 peak in figure 6.17(a) were selected and the relative 
energy between the detected 12C and 160 fragments was reconstructed to obtain 
the excitation energy spectrum shown in figure 6.19. Several distinct peaks are 
observed in this spectrum at excitation energies of approximately 28.2, 29.8, 33.5 
and 34.5 MeV. The :Nionte Carlo predicted detection efficiency is indicated by the 
dashed curve with a maximum value of 15.4%. The data are seen to lie within the 
excitation energy region for which the detection efficiency is maximised, the rapid 
fall in yield at lower excitation energies again being attributed to the proximity 
of the Coulomb barrier at rv25 MeV, indicated by the vertical arrow. 
The presence of final state interactions between the detected fragments and 
the undetected recoil, which may contribute to the large background apparently 
observed in figure 6.19, was investigated. Figure 6.20 shows the relative energy 
between the 12C and 5He fragments plotted against that between the 160 and 
5He fragments. No evidence of either horizontal or vertical loci is seen in the 
spectrum, indicating that final state interactions between either of the detected 
fragments and the recoil nucleus are not observed in the data. 
Figure 6.21 shows the energy of the 12C fragment plotted against the recon-
structed excitation energy in 28Si. As in the corresponding spectrum obtained 
from the 7Li target data, the data in figure 6.21 also appear to be separated into 
two regions towards the top and bottom of the figure. Following the discussion 
of section 6.2.2, the data have thus been separated according to whether the 12C 
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Figure 6.21: Energy of the 12C fragment , originating from the 12C+160 decay 
of 28Si, plotted against the reconstructed excitation energy in 28Si. The data 
correspond to Q999 events from the 9Be(24Mg,12C 160)5He reaction. The dashed 
line indicates the energy cut at E(12C) = 70 MeV employed in the analysis (see 
text) . 
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Figure 6.22: Excitation energy spectra for the 12C+160 decay of 28Si populated 
in the 9Be(24Mg,l2 C 160)5He reaction. The data have been separated into events 
corresponding to 12C decay fragments emitted with (laboratory) energies (a) > 70 
MeV and (b) ::; 70 MeV. The dashed curves indicate the Monte Carlo predicted 
detection efficiencies in each case with maximum values of 8.7% and 6.4% respec-
tively. (c) Data for E(12C) ::; 70 MeV with the estimated background contribution 
(dotted curve in (b)) subtracted. 
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fragment was emitted with a (laboratory) energy greater or less than 70 l\IIeV. 
The corresponding excitation energy spectra are shown in figures 6.22( a) and (b) 
respectively. The level of background in this reaction channel is considerably 
greater than that observed in the 12 C and 7Li target data previously discussed. 
The esti1nated background contribution to the excitation energy spectrum shown 
in figure 6.22(b) is indicated by the dotted curve. This was estimated from the 
Q-value spectrum incremented for events satisfying E(12C) ｾ＠ 70 l\IIeV. Excita-
tion energy spectra were reconstructed for events falling within 0.5 l\lle V wide 
gates placed immediately on either side of the Q999 peak. Although structureless, 
the excitation energy spectra could be accurately approximated by Gaussian dis-
tributions. The appropriate centroid (32.6 l\IIeV) and width (7.9 MeV FWHl\II) 
at the Q999 position were deduced by interpolation. The number of counts in 
the background was obtained from the Q-value spectrum by integrating a 5th 
order polynomial fit to the underlying background between the limits of the Q999 
peak, thus fixing the final parameter for the Gaussian function. Figure 6.22(c) 
shows the excitation energy spectrum obtained after subtracting the Gaussian 
background from the data shown in figure 6.22(b). There is a striking similarity 
between this background subtracted spectrum and the corresponding excitation 
energy spectrum obtained from the 7Li target data shown in figure 6.12(b). This 
suggests that the same states in 28Si are being populated with approximately the 
same relative intensity in both the 7Li(24 l\1Ig, 28Si*) 3H and 9Be(24 l\1Ig, 28Si*) 5He 
reactions. No background subtraction was performed for the data shown in fig-
ure 6.22(a) since from inspection it was concluded that any assumption that the 
background may be approximated by a Gaussian distribution would be of limited 
validity. 
The fitted centroids and widths of the states seen in figures 6.22(a) and (b) 
are listed in table 6.4. As with the 7Li target data, several of the states appear in 
both excitation energy spectra, although the observed widths differ. The observed 
width of the structure at ｲＭＮｾＲＸＮＲ＠ MeV is 382 keV and 903 keV for the E(12C) > 
70 MeV and E(12C) ｾ＠ 70 MeV data respectively. It is likely that this difference 
in the observed width is due to contributions of varying strength from more than 
one individual state. The Monte Carlo predicted excitation energy resolution, 
evaluated assuming a 9Be target thickness of 540 J.Lg cm-2 , is 255 keV. This is 
consistent with the width of the narrowest state listed in table 6.4 suggesting the 
possibility that the natural widths of some of the wider states may have been 
observed. 
No spin information was obtained for the 12C+160 breakup states observed 
via the 9Be(24Mg,12C 160)5He reaction. This was due to essentially the same 
reasons as those discussed in section 6.2.2 in relation to the 7Li target data. 
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(a) E(l2 C) > 70 MeV (b) E(12C) ｾ＠ 70 IvfeV 
Excitation vVidth Excitation vVidth 
(IvieV) (keY) (MeV) (keY) 
28.20 ± 0.01 382 ± 33 28.21 ± 0.06 903 ± 303 
29.54 ± 0.02 682 ± 93 
30.08 ± 0.03 rv400 
30.46 ± 0.02 558 ± 84 
(30.8 ± 0.1) 
(31.39 ± 0.02) 
31.71 ± 0.03 453 ± 109 
(31.92 ± 0.05) 
32.67 ± 0.07 
33.27 ± 0.06 (807 ± 222) 
33.42 ± 0.08 472 ± 164 
(33.94 ± 0.13) 33.85 ± 0.02 240 ± 76 
34.45 ± 0.06 (361 ± 179) 34.47 ± 0.03 581 ± 105 
35.20 ± 0.06 627 ± 267 
Table 6.4: Summary of the measured energies and observed widths of the 120+160 
breakup states in 28Si populated in the 9Be(24Mg, 12C 160)5He reaction. The 
listed values were obtained separately for data corresponding to 12C fragments 
emitted with (laboratory) energies (a) greater than or (b) less than 70 MeV. 
Where no width is indicated, this was not well determined by the data. Values 
in parentheses are tentative. 
In the 120+160 breakup data obtained with both the 7Li and 9Be target nuclei, 
different states were observed in the excitation energy spectra reconstructed for 
events corresponding to 12C fragments emitted with (laboratory) energies greater 
or less than 70 Ivle V (i.e. preferentially either forwards or backwards in the centre-
of-mass with respect to the beam direction). Separating the data in this manner 
was advantageous and allowed the narrow states, contributing to broader peaks 
in the complete excitation energy spectrum, to be resolved. The extent of this 
effect in the 120 target data has also been investigated. 
Figure 6.23 shows the energy of the 120 decay fragment plotted against the 
reconstructed excitation energy in 28Si for Q999 events from the 12 C(24Mg,l20 
160)8Be reaction discussed in section 6.1. The effect of separating the data into 
events corresponding to 12C fragments emitted with (laboratory) energies either 
greater or less than 70 MeV is shown in figure 6.24. Unlike the 7Li and 9Be target 
data, little additional information is gained by separating the 120 target data in 
this manner. Indeed, essentially all of the states observed in figures 6.24(a) and 
(b) are also observed in the complete data set of figure 6.3. However, the relative 
intensities of several of the states are different in the two spectra of figure 6.24, 
an effect that cannot be explained by the different efficiency profiles for the two 
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Figure 6.23: Energy of the 12C fragment, originating from the 12C+ 160 decay 
of 28Si, plotted against the reconstructed excitation energy in 28Si. The data 
correspond to Q999 events from the 12 C(24 Mg,l2C 160) 8Be reaction. The dashed 
line indicates the energy cut at E(l2 C) = 70 MeV employed in the analysis (see 
text). 
types of event. In particular, the structures at 26.15 MeV and rv31.5 MeV appear 
strongly in the E(l2 C) ｾ＠ 70 MeV data but not in the E(l2 C) > 70 MeV data. 
This is also evident in the two dimensional spectrum of figure 6.23 and is similar 
to the trend observed in the 12C+160 breakup data obtained with the 7Li and 
9 Be target nuclei. 
In figure 6.24(a), whilst acknowledging that the statistics are limited, the 
broad peak at rv28.2 MeV appears fragmented into a narrow state at (27.55±0.11) 
MeV and an apparent doublet at rv28.3 MeV (with members at approximately 
28.1 and 28.5 MeV in quantitative agreement with the 7Li target data for E(12C) 
ｾ＠ 70 MeV). In section 6.1.3, a spin of J7r = 13- was tentatively assigned to this 
broad peak, although the high level of background in the projected angular cor-
relation (figure 6.6(a)) suggested contributions from unresolved states of different 
spin. This is again consistent with the observed fragmentation of this broad peak 
in figure 6.24(a). It is well known that the excitation energy resolution in an 
RPS experiment may be improved by restricting the range of 'lj; angles sampled 
by the data [142]. Since placing limits on the 12C energy has been shown to be 
equivalent to placing limits on the decay angle 'lj; (figure 6.14), this may account 
for the improved resolution for the structure at ｅｸｾ＠ 28.2 MeV in figure 6.24(a). 
However, it is not likely that this can explain the more significant effect observed 
in the 7Li and 9Be target data (and to a lesser extent in the 12C target data) 
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Figure 6.24: Excitation energy spectra for the 120+160 decay of 28Si observed 
in the 12C(241vig,12C 160)8Be reaction. The data have been separated into events 
corresponding to 12C fragments emitted with (laboratory) energies (a) > 70 MeV 
and (b) ｾ＠ 70 MeV. The dashed curves indicate the Monte Carlo predicted detec-
tion efficiency in each case with maximum values of 7.7% and 5.8% respectively. 
where different states appear more strongly depending on whether the 12C frag-
ment is emitted forwards or backwards in the centre-of-mass. Indeed, the fact 
that little overall improvement is observed by separating the 12C target data in 
this way again implies that the more substantial effect observed in the 7Li and 
9Be target data is a genuine effect of the data. It may also provide a further clue 
to the mechanism responsible for this effect. Due to these considerations, and 
the reduction in statistics when the 12C target data is separated as in figure 6.24, 
the complete excitation energy spectrum obtained for the 12C(24Mg,l2C 160)8Be 
reaction (figure 6.3) will be maintained for the discussion given in the following 
section. 
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6.4 Summary of 12C+160 Breakup Results 
6.4.1 Comparison of 12C, 7Li and 9Be Target Data 
Figure 6.25 shows a comparison between the 28Si excitation energy spectra ob-
tained via the 12C(24Jvig, 12C 160)8Be, 7Li(24Jvig, 12C 160)3H and 9Be(24rvig, 12C 
160)5He reactions. For the latter two reactions ((b) and (c)), the data have been 
separated into events corresponding to 12C fragments emitted with (laboratory) 
energies greater or less than 70 l\tie V as previously discussed. The E(l2C) ::; 70 
l\tieV data obtained with the 9 Be target have also been background subtracted 
as discussed in section 6.3.2. For the 12C target data the complete data set is 
shown, for the reasons previously discussed, and the proposed spin assignments 
are indicated for the two states for which structure was observed in the breakup 
fragment angular correlations (section 6.1.3). The overall shapes of the 28Si ex-
citation energy spectra obtained via the three entrance channels are similar. In 
particular, there is a striking similarity between the 7Li and 9Be target data for 
both types of event (i.e. E(l2C) > 70 MeV and ::; 70 l\tleV) where the same 
states appear populated with approximately the same relative intensity, taking 
into account the increased background in the 9Be target data (no background 
subtraction has been performed for E(12 C) > 70 MeV events from the 9Be target 
data as previously discussed in section 6.3.2). 
The energies and observed widths of the 12C+160 breakup states observed via 
the three entrance channels are compared in table 6.5. For the 7Li and 9Be target 
data, the values listed correspond to those obtained from the excitation energy 
spectrum (incremented either for 12C fragment energies (a) > 70 MeV or (b) ::; 
70 JvieV) in which the state was observed most convincingly. In cases where the 
state was well defined in the excitation energy spectra for both types of event, the 
listed energies and widths are the weighted average of those obtained separately 
for the two types of event. The quoted errors are statistical only and result from 
the fitting procedure [44]. The uncertainty in the absolute excitation energy scale 
is estimated to be approximately ±0.15 MeV, a typical value expected in RPS 
experiments of this kind [62, 140], and arises from uncertainties in the absolute 
energy and angular calibration of the detectors and the energy loss corrections. 
However, the relative separations between states observed in a given reaction are 
expected to be more accurately determined, with uncertainties indicated by the 
statistical errors given in table 6.5. 
From the comparison given in table 6.5, a high degree of correspondence is 
observed between the energies, and in many cases also the observed widths within 
errors, of the breakup states populated in the three reactions. This correspon-
dence is particularly apparent between the 7Li and 9Be target data as previously 
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Figure 6.25: Comparison between the 28Si excitation energy spectra obtained via 
the (a) 12C(24Mg,12C 160)8Be, (b) 7Li(24Mg,l2C 160)3H and (c) 9Be(24Mg,l2C 
160)5He reactions. The data in (b) and (c) have been separated into events 
corresponding to 12C fragments emitted with (laboratory) energies greater or 
less than 70 MeV as indicated. The E(12C) ::; 70 MeV data in (c) have been 
background subtracted. 
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12c(24Mg,2sSi*)sBe 7Li(24Mg,28Si*) 3H 9Be(24Mg,28Si*)5He 
Excitation Width Excitation vVidth Excitation 
(!vieV) (keV) (MeV) (keV) (!vie V) 
(26.51±0.04) (251±96) 
28.16±0.09c 942±216 28.16±0.02a,b 490±41 28.20±0.01 a,b 
29.47±0.02b 663±52 29.54±0.02b 
29.82±0.03 666±89 29.96±0.02a 532±63 30.08±0.03a 
30.49±0.03 236±81 30.40±0.02b 443±51 30.46±0.02b 
30. 76±0.03a (329±104) (30.8±0.1)a 
31.2±0.1 (31.39±0.05)a 
31.58±0.05b 558±172 31.71±0.03b 
31.87±0.07 (271±197) (31.92±0.05)a 
(32.47±0.16) 32.35±0.o8a (433±320) 32.67±0.07a 
33.02±0.04b 376±104 33.27±0.06b 
33.37±0.03 786±84 33.45±0.03a 524±135 33.42±0.08a 
33.68±0.04b 474±123 33.85±0.02b 
34.51±0.04 491±134 34.38±0.03a,b 345±73 34.47±0.03a,b 
35.07±0.04a 475±147 35.20±0.06a 
a State observed convincingly in the data for E(l2C) > 70 MeV. 
b State observed convincingly in the data for E(l2C) ｾ＠ 70 Ivie V. 
c Shows evidence of substructure. 
vVidth 
(keV) 
388±33 
682±93 
rv400 
558±84 
453±109 
(807±222) 
472±164 
240±76 
525±91 
627±267 
Table 6.5: Comparison of the energies and observed widths of the 12C+160 
breakup states in 28Si populated via the 12 C(24Mg,28Si*)8Be, 7Li(24Mg,28Si*)3H 
and 9Be(24rvig,28Si*)5He reactions. Values in parentheses are tentative. 
deduced from figure 6.25. For the 12C target data, it is likely that unresolved 
neighbouring states may contribute to the wider peaks in the excitation energy 
spectrum and hence fewer peaks are observed. 
The high degree of correspondence between the 12C+160 breakup states in 28Si 
observed via the 12C(24Ivig,28Si*)8Be, 7Li(24Ivig,28Si*)3H and 9Be(24Mg,28Si*)5He 
reactions suggests that the dominant reaction mechanism populating these states 
is direct a-transfer onto the 24Mg projectile. This conclusion is however subject to 
kinematic matching considerations which will be discussed in chapter 7. Reaction 
mechanisms involving the formation of a compound or resonant 36 Ar nucleus are 
ruled out due to the observation of yield in the 7Li and 9Be target data. 
Table 6.6 lists the average energies and observed widths of the 12C+16 0 
breakup states observed in a-transfer onto the 170 MeV 24 Mg projectile, assum-
ing the associations indicated in table 6.5. Where a state was clearly observed in 
more than one entrance channel, the mean energy and the weighted average of the 
observed ·widths is given. The uncertainties in the absolute excitation energies 
quoted are estimated to be of the order ±0.15 MeV [62, 140] and arise from sys-
tematic errors (which exceed the statistical errors) as previously discussed. The 
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Excitation vVidth Proposed 
(IvieV) (keY) J1r 
(26.51) (251 ± 96) 
28.17 435 ± 26 (13-) 
29.51 668 ± 45 
29.95 577 ± 51 
30.45 421 ± 38 
30.76 (329 ± 104) 
(31.3) 
31.65 483 ± 92 
31.90 (271 ± 197) 
32.51 (433 ± 320) 
33.14 376 ± 104 
33.41 675 ± 65 
33.77 304 ± 65 
34.45 427 ±52 12+,14+ 
35.13 510 ± 129 
Table 6.6: Summary of the 12C+160 breakup states in 28Si observed in a-transfer 
onto the 170 MeV 24Mg projectile. Uncertainties in the quoted excitation energies 
are systematic and are estimated to be ±0.15 MeV. The quoted errors in the 
observed widths are statistical only. The proposed spin assignments are listed 
where available. Values in parentheses are tentative. 
quoted errors for the observed widths are statistical only and are subject to the 
presence of unresolved states since the Monte Carlo predicted excitation energy 
resolution is rv250 keY. The proposed spin assignments for the states at 28.17 
MeV and 34.45 MeV, as deduced from the angular correlations of the breakup 
fragments from the 12C(2<1Mg,12 C 160)8Be reaction, are also listed in table 6.6. 
In the 7Li and 12C target data (for E(12C) ｾ＠ 70 MeV and E(12C) > 70 IvieV re-
spectively), evidence for the fragmentation of the broad peak at rv28.2 MeV into 
narrower states at approximately 27.6, 28.1 and 28.5 MeV was observed. The 
observed widths of these narrower states were not well defined but from a visual 
inspection are estimated to be of the order of the predicted excitation energy 
resolution of rv250 ke v. 
6.4.2 Cross Section Determination 
The integrated double differential cross sections measured for the 12C(24Mg,12C 
160)8Be, 7Li(24Mg,12C 160)3H and 9Be(24Mg,12C 160)5He reactions are listed in 
table 6.7. These were evaluated from equation 4.38 using the experimentally 
observed angular coverage of the detectors to calculate .6.n1 and ｾｮＲＬ＠ taking 
into account the missing strip in telescope 2 and the shadowing effect of the 
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Reaction Centre-of-!vi ass Cross Section 
Energy (Ivie V) d2u ( b -2) drz,dn., m sr 
t6Q(24Ivfg, 12C t6o) 12c 68.0 ::; 0.34 ± 0.07* 
t2C(24Mg,t2C l6Q)BBe 56.7 0.36 ± 0.04 
9Be(24Mg,t2C t6o)sHe 46.4 2.23 ± 0.46 
7Li(24Mg,12C t6Q)3H 38.4 1.34 ± 0.28 
* This reaction does however proceed (figure 6.8(a)) but with too few resolved 
counts to allow a meaningful lower limit on the cross section to be deduced. 
Table 6.7: Comparison of the integrated double differential cross sections 
measured for the 160(24Ivig,12C 160) 12C (upper limit), 12C(24Mg,12C 16 0)8Be, 
9Be(24Mg,12C 160) 5He and 7Li(24Mg,12C 160)3H reactions. The listed values are 
the integrated laboratory cross sections with no corrections applied (see text). 
anode wires in the gas ionisation chambers (section 3.5.1). In each case, the 
number of counts was obtained from the fitted area under the Q999 peak in the 
corresponding Q-value spectrum, allowing for a smooth underlying background. 
No correction was made for coincident detection efficiency (as deduced from a 
Monte Carlo simulation) as this would require additional assumptions regarding 
the angular distributions of the resonant nuclei. Similarly, a conversion to centre-
of-mass solid angle has not been performed. For such a conversion to valid, the 
yield corresponding to the scattering of the resonant particle into a given solid 
angle element dO should be corrected for the corresponding detection efficiency 
which would again require knowledge of the angular distributions. 
A value of (0.36±0.04) mb sr-2 was deduced for the double differential cross 
section for the 12C(24Mg/2C 160)8Be reaction. As in section 4.3.5, the quoted er-
ror in this value is dominated by uncertainties in the number of counts (obtained 
from the fitting procedure) and the absolute target thickness (rvlO%). Values 
in the range rv 1.30 - 2.25 mb sr-2 were obtained in previous measurements of 
this reaction by Curtis [60]. The difference between these values and that ob-
tained in the present measurement of this reaction is attributed to the different 
angular coverage sampled in the different experiments. The cross section for a 
transfer reaction is forward peaked [196] and is thus expected to decrease with 
increasing centre-of-mass scattering angle 0*. This effect is simply averaged in 
the determination of the integrated double differential cross section as defined by 
equation 4.38. The present experiment is sensitive to a wider range of 0* than 
that sampled in the data of Curtis [60] and consequently a lower value for the 
cross section is deduced in the present measurement. 
The RBS measurements discussed in section 3.3.3 found the measured 7Li 
content of the composite LiCO target to be (62±12) J-Lg cm-2 (measured for a 
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LiCO target from the same production batch as that used in the present experi-
ment). The double differential cross section for the 7Li(24Mg,12C 160) 3H reaction 
was thus evaluated using this value for the 7Li content (rather than the value of 
140 f..tg cm-2 expected for a 300 f..lg cn1-2 Li20 target). A value of (1.34±0.28) 
mb sr-2 was obtained where the error reflects the uncertainties in the number of 
counts and the target thickness. The latter was taken to be 20% which is the 
maximum uncertainty expected from the RBS measurements (section 3.3.3). 
The double differential cross section for the 9Be(24Ivig, 12C 160)5He reaction 
was evaluated assuming the experimentally deduced target thickness of 540 J.Lg cm-2 
(section 6.3.1). A value of (2.23±0.46) mb sr-2 was obtained where the quoted 
error is again dominated by the uncertainty in the target thickness, also estimated 
to be 20% in this case. 
Evidence for the 160(24Mg,12C 160) 12C reaction was observed in the data 
taken with the LiCO composite target (section 6.2.1). This reaction could not be 
sufficiently resolved from the background (arising largely from the 12C(24 Mg,l2C 
160) 8Be reaction proceeding from the 12C component of the target) to allow final 
state interactions between the outgoing particles to be identified. Due to the 
similarities in the Q-values for the 160(24Mg,12C 160) 12C (Q = -13.933 MeV) and 
12C(24Mg,l2C 160)8Be (Q = -14.137 IvieV) reactions, the latter is also expected to 
contribute to the Qggg peak of figure 6.7(c). Consequently, only an upper limit on 
the double differential cross section for the 160(24Mg,12C 160) 12C reaction could 
be obtained. This was evaluated from the number of counts (allowing for a smooth 
underlying background) in the Qggg peak of the Q-value spectrum (figure 6.7(c)) 
reconstructed assuming a 160 target (and 12C recoil). The 160 content of the 
composit-e LiCO target was taken to be 261 J.Lg cm-2 , as deduced from the RBS 
measurements (section 3.3.3), with the uncertainty taken to be 20%. An upper 
limit of (0.34±0.07) mb sr-2 was obtained for the integrated double differential 
cross section for this reaction. The one standard deviation limit is quoted to 
reflect the uncertainty in the 160 content of the LiCO target. 
The use of a composite LiCO target containing 160 nuclei allowed the 160(24Mg,12C 
12 C)160 reaction to be investigated. However, the analysis was complicated by 
the presence in the target of a significant quantity of 12C, as deduced from the 
RBS measurements discussed in section 3.3.3. Since the 12C(24Mg,l2C 12C) 12C re-
action certainly proceeds, as shown in section 4.3, it is expected to contribute to 
the 12C+12C coincidence yield observed in the LiCO target data. The analysis of 
the 160(24Mg,12C 12C) 160 reaction must therefore address this point carefully. 
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6.5.1 Q-value Spectra 
Coincidences between carbon ions detected in each of the two hybrid detector 
telescopes were selected from the data taken with the LiCO target. Due to 
the composite nature of the target, separate Q-value spectra were reconstructed 
assuming recoil nuclei of 7Li, 12C and 160. The Q-value spectra obtained under 
the three assumptions are shown in figure 6.26. In each case, the reaction Q-value 
for Q 999 events (corresponding to all three final state particles emitted in their 
ground state) is equal to the 24Mg -t 12C+12C breakup Q-value of -13.933 IvieV, 
since the target and recoil nuclei are the same. 
The Q-value spectrum reconstructed assuming a 7Li target and recoil is shown 
in figure 6.26(a). There is no evidence of a peak near Q = -13.933 MeV (in-
dicated by the vertical arrow) which would correspond to Q 999 events from the 
7Li(24Mg/2 C 12C) 7Li reaction. 
The two Q-value spectra reconstructed assuming target and recoil nuclei of 
12C and 160 respectively each exhibit a peak near the calculated Q-value for Q999 
events as shown in figures 6.26(b) and (c). The peak in figure 6.26(b) occurs 
at Q = (-13.651±0.024) MeV with a width of (1.488±0.061) MeV FWHM while 
the peak in figure 6.26(c) occurs at Q = (-14.336±0.022) MeV with a width of 
(1.350±0.055) MeV. The quoted errors are statistical only, as obtained from the 
peak fitting procedure [44]. The absolute Q-value is also subject to a further 
uncertainty from the kinematic reconstruction, estimated to be ｾＴＰＰ＠ keV, which 
arises due to uncertainties in the absolute energy and position calibration of the 
detectors and the energy loss corrections. Due to the similarity in the masses of 
the recoil nuclei and the identical Q-values for both reactions, it is not possible 
to determi.ne from the Q-value spectra alone the extent to which each of the 
two reactions is contributing to the events falling under these peaks. However, 
contributions from the 12C(24Mg,12C 12C) 12C reaction are expected due to the 
12C content of the target. 
The energy vs momentum plot for recoil nuclei associated with the 12C+12C 
coincidences is shown in figure 6.27. The solid, dashed and dotted lines indicate 
the predicted loci for Q999 events corresponding to recoil masses of 7, 12 and 
16 a.m.u. respectively with intercepts at Q = -13.933 MeV in each case. No 
evidence for Q999 events from the 7Li(24Mg, 12C 12C) 7Li reaction is observed in 
figure 6.27. However, the group of events well separated from the background 
is seen to be consistent with the predicted loci for Q 999 events from both the 
12C(24Mg/2C 12C) 12C and 160(24Mg,12C 12C) 160 reactions. Consequently, the 
data are unable to distinguish between reactions involving the 12C and 160 com-
ponents of the composite LiCO target. This is due to the identical Q-value of 
-13.933 MeV for both the 12C(24Mg/2C 12C) 12C and 160(24Mg/2C 12C) 160 reac-
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Figure 6.26: Q-value spectra reconstructed from 12C+12C coincidences observed 
in the LiCO composite target data. The data have been reconstructed assuming 
recoil nuclei of (a) 7Li, (b) 12C and (c) 160. The calculated positions of the Q999 
peaks, corresponding to all three final state particles emitted in the ground state, 
are indicated in each case at Q = -13.933 MeV. 
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Figure 6.27: Energy vs momentum plot for recoil nuclei associated with 12C+12C 
coincidences observed in the LiCO composite target data. The solid, dashed and 
dotted lines indicate the predicted loci for Q999 events from the 7Li(24Mg,12 C 
12C) 7Li, 12C(24Mg,12C 12C) 12C and 16 0(24Mg,12C 12C) 16 0 reactions respectively. 
tions, the similarity of the recoil masses and the experimental Q-value resolution 
of rv1 MeV (section 3.3.2). It is thus possible that both reactions are contributing 
to the Q999 events observed in figures 6.26 and 6.27. This is discussed below. 
6.5.2 Quantitative Comparison of Coincidence Yields 
In section 4.3, the analysis of the 12C(24 l'v'lg, 12C 12C) 12C reaction from data taken 
with the pure carbon target was described. The data for both the composite 
LiCO target and the pure carbon target were obtained with exactly the same ex-
perimental set-up, i.e. the same angular coverage, the same beam energy and the 
same detector energy thresholds. This allowed a direct quantitative comparison 
of the 12C+12C coincidence yields from both targets. 
From the pure carbon target data, a value of (0.20±0.02) mb sr-2 was mea-
sured for the integrated double differential cross section for the 12C(24 Mg, 12C 
12C) 12 C reaction (section 4.3.5). Assuming that all events falling under the peak 
labelled Q999 in figure 6.26(b) arise solely due to the 12C(24 Mg,12C 12C) 12C re-
action, the 12C content of the LiCO target required to produce this yield could 
thus be evaluated from the known cross section. The number of counts in the 
Q999 peak of figure 6.26(b) was determined from a Gaussian fit [44] allowing for 
a smooth underlying background. From a re-arrangement of equation 4.38, the 
quantity of 12C in the LiCO target required to produce the observed yield of Q999 
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Figure 6.28: The 12C content of the composite LiCO target required to produce 
the observed 12C+12C coincidence yield if all Q999 events are assumed to arise 
solely due to the 12C(24Mg,12C 12C) 12 C reaction. The required 12C content is 
shown evaluated as a function af beam exposure. The dotted line indicates the 
value deduced from the complete LiCO target data set. The value deduced from 
the RBS measurements (section 3.3.3) is also indicated. 
events was found to be (154±17) J..Lg cm-2 . The procedure was repeated sepa-
rately for each individual run of the LiCO target data allowing the required 12C 
content to be evaluated as a function of beam exposure. The results are shown in 
figure 6.28 and are seen to be consistent within errors with the value of (154±17) 
J..Lg cm-2 deduced from the complete LiCO target data set, indicated by the dot-
ted line. However, the RBS measurements discussed in section 3.3.3 had deduced 
a value of only (74±15) J..Lg cm-2 for the total 12C content of the composite LiCO 
target (62 J..Lg cm-2 in the bulk of the target plus a 12 J..Lg cm-2 12C backing) 
which is a factor of two lower representing over four standard deviations. These 
results imply that the 12C content of the LiCO target is insufficient to account 
for the observed yield of 12C+12C coincidences. 
An independent check of the 12C content of the LiCO composite target was 
provided by the 12C(24Mg,12C 160)8Be reaction. The analysis of this reaction 
from the pure carbon target data was described in section 6.1 and a value of 
(0.36±0.04) mb sr-2 was measured for the integrated double differential cross 
section (section 6.4.2). This reaction was also observed in the data taken with 
the composite LiCO target as discussed in section 6.2. Since the data for both 
targets had been taken with the same experimental set-up, as previously dis-
cussed, this allowed a direct comparison between the yields of Q999 events from 
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this reaction observed from the two targets. Figure 6.29 shows an expanded view 
of figure 6.7(b), i.e. the Q-value spectrum for 120+160 coincidences observed in 
the LiCO target data reconstructed assuming a 8Be recoil nucleus. The peak la-
belled Q999 at Q = (-14.157±0.046) l\!IeV is in good agreement with the calculated 
Q-value of -14.137 l\!IeV for the 12C(24l\!Ig,12 C 160)8Be reaction. The number of 
counts in this peak was determined from a Gaussian fit, allowing for a smooth 
underlying background as shown in figure 6.29. From the value of (0.36±0.04) 
mb sr-2 measured for the double differential cross section from the pure carbon 
target data, and after normalisation for beam exposure, the 12 C content of the 
LiCO target required to produce the yield of Q999 events observed in figure 6.29 
was found to be (79±13) f.Lg cm-2 . The 160(241\!Ig, 12 C 160) 12C reaction was also 
observed in the LiCO target data although very weakly (figure 6.8(a)). The cal-
culated Q-value of -13.933 MeV for this reaction is similar to the value of -14.137 
l\!IeV for the 12 C(24Mg,12C 160)8Be reaction and furthermore the masses of the 
recoil nuclei from the two reactions are similar. Consequently, the 16 0(24Mg,l2C 
160) 12C reaction may also contribute to the Q999 peak shown in figure 6.29. The 
value of (79±13) f.Lg cm-2 deduced from the analysis discussed above is thus 
strictly an upper limit for the 12C content of the composite LiCO target. This 
upper limit is in excellent agreement with the value of (74±15) J-Lg cm-2 ob-
tained from the RBS measurements. These values are significantly less than the 
(154±17) f.Lg cm-2 of 12C required to account for the observed 12C+12C coinci-
dence yield, if this yield is attributed to the 12 C(24Mg, 12C 12C)12 C reaction alone. 
The extra yield must therefore arise due to Q999 events from the 160(24Mg,l2 C 
12 C) 160 reaction and provides the first experimental evidence for this reaction. 
6.5.3 Excitation Energy Spectra 
Events corresponding to the Q999 locus in figure 6.27 associated with the unre-
solved 12C(24Mg,l2C 12C)12 C and 160(24Mg,l2C 12C) 160 reactions were selected 
for further analysis. This was achieved by selecting events falling simultaneously 
under the Q999 peaks in the two Q-value spectra shown in figures 6.26(b) and (c). 
For these events, the excitation energy of the decaying 24Mg nucleus was deter-
mined from the reconstructed relative energy of the detected 12C+12C fragments 
(equations 2.21 and 2.28). The excitation energy spectrum obtained is shown in 
figure 6.30(b) where it is compared to the corresponding spectrum obtained from 
the pure carbon target data, i.e. the 12C(24Mg,l2C 12C)12C reaction (section 4.3), 
shown in figure 6.30(a). The two spectra look similar although a higher level of 
background is observed in the LiCO composite target data. In the analysis of the 
pure carbon target data (section 4.3), no evidence was observed for final state 
interactions between either of the detected fragments and the undetected recoil 
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Figure 6.29: Q-value spectrum for 12C+160 coincidences observed in the LiCO 
composite target data reconstructed assuming a 8Be recoil nucleus. The peak 
labelled Q999 corresponds to events from the 12C(24 IVIg,l2C 160)8Be reaction in 
which all final state particles are emitted in their ground states. The peak at 
Q ｾ＠ -10 MeV corresponds to Q999 events from the 7Li(24IVIg, 12C 160)3H reaction 
for which the recoil mass has been incorrectly assumed in the event reconstruction. 
(figure 4.22). A similar analysis of the LiCO target data also found no evidence 
for final state interactions between either of the detected fragments and the un-
detected recoil, irrespective of whether a 12C or 160 recoil was assumed. This 
confirmed that such events do not contribute to the background in figure 6.30(b). 
The Monte Carlo predicted efficiencies profiles for the 12C(24Mg,l2C 12C) 12C and 
160(24Mg,12C 12C) 160 reactions are indicated in figure 6.30 by the dashed and 
dotted curves with maximum values of 13.1% and 11.7% respectively. 
There are several qualitative differences between the excitation energy spectra 
obtained from the two targets. In particular, a narrow state is observed at 20.13 
MeV in figure 6.30(b) which is not apparent in figure 6.30(a). Furthermore, there 
is no evidence of structure above Ex(24 IVIg) ｾ＠ 25.5 MeV in the LiCO target data 
although states at 26.41 and 27.12 MeV are observed in the pure carbon target 
data. These differences imply that states at excitation energies above rv25.5 MeV 
are populated more strongly in the 12C(24Mg,12C 12 C) 12C reaction while the state 
at 20.13 MeV is populated more strongly in the 160(24Mg,l2C 120)160 reaction. 
The energies and observed widths of the states observed in figure 6.30(b), 
obtained from a Gaussian fitting procedure [44], are listed in table 6.8 where they 
are compared to the states observed in the pure carbon target data (table 4.1). 
The quoted errors are statistical only. Good quantitative agreement is observed 
between the two measurements. In figure 6.30(b), the state at 20.56 MeV is 
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Figure 6.30: Excitation energy spectra for the 12C+12C decay of 241vig observed in 
the data taken with (a) the pure carbon target and (b) the LiCO composite target. 
(c) The estimated yield due to the 160(24Mg,12C 12C)160 reaction (see text). The 
dashed and dotted curves indicate the Monte Carlo predicted detection efficiencies 
for the 12 C(24Mg,12C 12C)12C and 160(24Mg,12C 12C) 160 reactions respectively. 
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12c(2<1M 24Jvi *) 12C g, g Li CO ｃｾ Ｔ ｬ｜ＱｉｧＬ＠ 24 Ivig*) 
Excitation vVidth Proposed Excitation vVidth 
(IvieV) (keV) J7r (IvieV) (keV) 
20.13 ± 0.02 175 ± 64 
20.54 ± 0.05 288 ± 122 (2+) 20.56 ± 0.07* ( 283 ± 180*) 
21.07 ± 0.03 308 ± 89 4+ 21.04 ± 0.05 386 ±143 
21.88 ± 0.02 380 ± 54 4+ 21.89 ± 0.02 469 ± 81 
22.33 ± 0.02 209 ± 49 4+ 22.31 ± 0.02 166 ± 43 
22.90 ± 0.02 284 ± 42 6+ 22.91 ± 0.03 423 ± 106 
23.80 ± 0.04 420 ± 127 6+(8+) 23.85 ± 0.05 426 ± 178 
24.56 ± 0.03 548 ± 81 8+ 24.57 ± 0.04 421 ± 121 
25.14 ± 0.02 168 ± 64 (6+) 25.28 ± 0.05* 442 ± 223* 
25.72 ± 0.02 194 ± 46 
26.41 ± 0.04 775 ± 138 8+ 
27.12 ± 0.03 342 ± 80 
* Values deduced from the excitation energy spectrum obtained fro1n the first 
half of the Li CO target data (see text). 
Table 6.8: Comparison of the energies and observed widths of the 12C+12C 
breakup states in 24 Mg observed in the pure carbon and composite LiCO tar-
get data. Spins assignments deduced from the analysis of the 12C(24 l\11g, 12C 
12 C) 12 C reaction are also listed. Values in parentheses are tentative. 
unresolved from the neighbouring higher energy state. There is also evidence for 
a state at rv25.3 MeV. The energies and observed widths for these two states as 
listed in table 6.8 were measured from the excitation energy spectrum obtained 
from the first half of the LiCO target data as discussed below. 
Figures 6.31(a) and (b) show the 24 Mg excitation energy spectra reconstructed 
from the LiCO target data collected during the first and last rv0.3 mC of beam 
exposure (the total beam exposure for this target was ""0.6 mC). Similar struc-
ture to that in figure 6.30(b) is observed in both spectra shown in figure 6.31 
indicating that the 12C and 160 nuclei in the target, responsible for the structure 
in figure 6.30(b), must have been present from the beginning of the experiment. 
This implies that the extra yield (attributed to the 160(24Mg,l2 C 12C) 160 reac-
tion) in the LiCO target data does not arise due to carbon buildup or surface 
oxidation occurring during the course of the experiment. This result is consistent 
with the RBS measurements (section 3.3.3) which found the 12C and 160 target 
nuclei to be spread uniformly throughout the LiCO target and not just near the 
surface. Some qualitative differences are however observed between the spectra 
shown in figures 6.31(a) and (b). Figure 6.28 would admit a small amount of 
carbon buildup during the experiment which may account for some of these dif-
ferences. However, it is more probable that these differences are purely statistical 
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Figure 6.31: Excitation energy spectra for the 12C+12C decay of 24 :Nig observed 
in the composite LiCO target data. The data corresponding to the first 0.295 mC 
and the last 0.307 mC of beam exposure are shown in (a) and (b) respectively. 
due to the relatively low statistics involved. Furthermore, a slightly degraded 
excitation energy resolution is observed for the second half of the data shown in 
figure 6.31 (b). This is attributed to a degradation in the detectors' performance 
due to radiation damage (section 4.1.7). For the first half of the data, shown in 
figure 6.31(a), the states at 20.56 and 25.28 MeV are resolved and the energies 
and observed widths of these states, as observed in this spectrum, are listed in 
table 6.8. In figure 6.3l(b), these states are unresolved from neighbouring states. 
Figure 6.30(c) shows the 24Mg excitation energy spectrum obtained from fig-
ure 6.30(b) after subtracting the estimated contribution from the 12C(24Mg, 12C 
12C) 12C reaction. This spectrum was obtained by normalising the spectrum of 
figure 6.30(a) to the beam exposure and 12C content for the LiCO target (the 
latter taken to be the RBS value of 7 4 J.-Lg em - 2) and subtracting this from the 
experimental spectrum of figure 6.30(b). The excitation energy spectrum of fig-
ure 6.30(c) is thus an estimate of the spectrum expected for a pure 160 target. 
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The structure observed in figure 6.30(c) confirms that states at 20.13, 20.56 + 
21.04, 21.89, 22.31, 22.91 and 23.85 :NieV are populated in the 16 0(24 :Nig, 12C 
12C) 160 reaction. Evidence for the state at 24.57 JvieV and possibly 25.28 IvieV 
is also observed. These results in1ply that the 16 0(24 :Nig,12C 12 C) 160 reaction 
poplulates essentially the same states in 24 :Nig, in the excitation energy range 
rv20- 25.5 :NieV, as those populated in the 12 C(24Jvlg, 12C 12 C) 12C reaction. 
The evaluation of the centre-of-mass scattering angle 0* requires knowledge of 
the mass of the target (or equivalently the recoil) nuclei involved in the reaction 1. 
However, the individual 24 :Nig --7 12C+12C breakup events arising from the 12 C 
and 160 components of the LiCO composite target could not be separated in 
the analysis, as previously discussed. The (}* -'¢; angular correlation spectra gen-
erated for the 12C+12 C breakup states observed in the LiCO target data thus 
contained contributions from both the 12C(24Mg, 12C 12C) 12 C and 160(24Mg, 12 C 
12C) 160 reactions. Due to this ambiguity, no spin information was obtained from 
the 160(24Iv1g,l2C 12C) 16 0 reaction. Such spin information was however deduced 
from the analysis of the 12C(24 Ivlg,12C 12 C) 12C reaction discussed in section 4.3 
and the spin assignments are listed in table 6.8. 
6.5.4 Cross Section Determination 
The integrated double differential cross section for the 160(24Mg,12C 12C) 160 re-
action was evaluated by assuming that 261 J..Lg cm-2 of 160 (as deduced from the 
RBS measuretnents) is responsible for the extra 24Ivig --7 12C+12 C yield (which 
cannot be accounted for by the 12C(24:N1g,l2C 12 C) 12C reaction alone) observed in 
the LiCO target data. The Gaussian fit to the Q999 peak shown in figure 6.26(b), 
allowing for a smooth underlying background, found (2725±126) counts to be 
contributing to the combined yield from the 12C and 160 target nuclei. From the 
pure carbon target data, the intergrated double differential cross section for the 
12C(24Mg,12C 12C) 12C reaction had been measured to be (0.20±0.02) mb sr-2 , as 
described in section 4.3.5. For a beam exposure of 0.602 mC and a 12C content 
of (74±15) J..Lg cm-2, re-arrangement of equation 4.38 found that (1320±271) 
counts arising from the 12C(24Mg,12C 12C)12 C reaction were expected in the 
LiCO target data. The (1405±299) extra counts were therefore attributed to 
the 160(24Mg, 12C 12C) 160 reaction. For an 160 target thickness of 261 J..Lg cm-2 , 
a value of (0.08±0.02) mb sr-2 was obtained for the integrated double differential 
cross section for the 160(24Mg,l2 C 12C) 160 reaction. The quoted error is domi-
nated by the 20% uncertainty in the 16 0 content of the LiCO target (section 3.3.3) 
and the 21% uncertainty in the number of counts observed. 
1This is not the case for the excitation energy which is determined from the relative energy 
of the breakup fragments, equations 2.21 - 2.28, and thus does not depend on the properties of 
the beam, target or recoil nuclei 
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In the analysis of 12C+ 12C coincidences observed in the LiCO target data, dis-
cussed in section 6.5, no evidence for Q999 events from the 7Li(24 Nig, 12C 12C) 7Li 
reaction was observed. This implies that the cross section for this reaction, if not 
zero, is too small for the reaction to have been observed in the present experiment. 
An upper limit on the cross section for this reaction has been deduced from the 
data. To achieve this, it was necessary to determine an upper limit on the number 
of Q999 events from the 7Li(24Nig,l2C 12CfLi reaction that would be observable in 
the data. The procedure adopted was to add increasing numbers of Ivionte Carlo 
simulated Q999 events to the experimental Q-value spectrum of figure 6.26(a) un-
til a peak was apparent in the summed spectrum. The Monte Carlo events were 
generated using the code RESOLUTION [61] to simulate the 12C+12 C decay of an 
excited state at 22 rvieV in 241vlg populated via the 7Li(241vlg,24 Ivlg*)1Li reaction. 
The Q 999 peak was then reconstructed from the simulated data. 
Figure 6.32(a) shows the experimental Q-value spectrum of figure 6.26(a) 
expanded about the calculated position of the Q999 peak, indicated by the vertical 
arrow at Q = -13.933 MeV. A 5th order polynomial fit to the background in 
this spectrum is indicated by the dotted curve. The inset shows the data with 
this smooth background subtracted in which a dip is seen at Q ｾ＠ -13.9 MeV, 
i.e. at approximately the Q999 position. This dip arises due to a broad bump in 
the data, at an apparent Q ｾ＠ -12 MeV, associated with Q999 events from the 
12C(24 rvig,12C 12C) 12C and 160(24Mg,12C 12 C) 160 reactions for which the recoil 
mass has been incorrectly assumed in the event reconstruction (this association 
is apparent from the energy vs momentum plot of figure 6.27 where a projection 
of the data at an angle parallel to the predicted Q 999 locus, indicated by the solid 
line, yields the Q-value spectrum profile of figure 6.32(a)). The Q99 peaks from 
these reactions also produce a broad structure at Q ｾ＠ -15 MeV (see figure 6.27) 
thus making any low statistics structure at Q ｾ＠ -14 MeV difficult to observe. 
Figures 6.32(b) - (f) show the experimental Q-value spectrum with increas-
ing numbers of Monte Carlo simulated Q 999 events added. The insets show the 
summed data after subtracting a smooth underlying background, indicated by 
the dotted curves. After adding "'750 - 1000 simulated events to the experi-
mental data, a Q 999 peak starts to emerge from the underlying background. If 
2000 simulated events are added to the data, then a pronounced Q999 peak is 
observed. From this procedure, it is clear that less than 1000 Q999 events have 
been observed experimentally. However, the dip in the raw data at the calculated 
position of the Q999 peak (figure 6.32(a)) suggests that 750 is a more appropriate 
upper limit on the number of events observed and this value was thus adopted. 
This value corresponds to an upper limit of (0.08±0.02) mb sr-2 for the double 
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Figure 6.32: The reconstructed Q-value spectrum for the 7LI(24Mg,l2C 12CfLi 
reaction with (a) 0 (b) 500 (c) 750 (d) 1000 (e) 1250 and (f) 2000 Monte Carlo 
simulated Q 999 events added. The insets show the summed data with a smooth 
underlying background (dotted curves) subtracted. The vertical arrows indicate 
the calculated position of the Q999 peak at Q = -13.933 MeV. 
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differential cross section for the 7Li(24 :Nig, 12C 12C)7Li reaction. The one standard 
deviation limit is quoted to reflect the 20% uncertainty in the 7Li content of the 
composite target, for which the RBS value of 62 {Lg c1n-2 (section 3.3.3) was used 
in the calculation. The actual cross section may be significantly lower than the 
upper limit deduced above due to the presence of Q999 and Q99 events involving 
the 12C and 160 target nuclei which make the observation of Q 999 events (both 
simulated and real) from the 7Li(24Ivig,12C 12C) 7Li reaction difficult. 
Figure 6.33( a) shows the Q-value spectrum for the 9Be(241tig, 12 C 12C)9Be reac-
tion reconstructed from the 9Be target data assuming a target thickness of 540 
pg cm-2 (as deduced empirically in section 6.3.1). The vertical arrow indicates 
the calculated position for Q999 events at Q = -13.933 :NieV. No evidence for a 
Q999 peak is observed suggesting that this reaction has not been observed in the 
data. The data have also been reconstructed assuming the beam to interact with 
12C contaminants in the target foil. The Q-value spectrum reconstructed assum-
ing a 12C target and recoil, i.e. the 12C(24Mg,l2C 12 C) 12C reaction, is shown in 
figure 6.33(b). Again, no definitive evidence for a Q999 peak is observed. A slight 
kink in the spectrum at Q ｾ＠ -12 MeV may however indicate a very weak Q999 
peak from 12C present in the target. 
The energy vs momentum plot for recoil nuclei associated with 12C+12C co-
incidences observed in the 9Be target data is shown in figure 6.34. The solid and 
dashed lines indicate the predicted loci for Q999 events from the 9Be(24 Mg,l2 C 
12C) 9Be and 12C(24Mg,12 C 12 C) 12C reactions respectively. No clear evidence for 
such events is observed, in agreement with the spectra shown in figure 6.33. The 
group of events in figure 6.34 falling below the calculated Q999 loci are associated 
with events from the 9Be(24 rvig,12C 13C) 8Be reaction which has a three-body Q-
value of -10.652 MeV. For these events the mass of one of the detected fragments 
has thus been incorrectly assumed in producing the figure. 
An upper limit on the double differential cross section for the 9Be(24Mg/2 C 
12 C)9Be reaction was determined following the procedure adopted for the 7Li 
target data previously discussed. Figure 6.35 shows the experimental Q-value 
spectrum with different numbers of Monte Carlo simulated Q999 events added. 
The Monte Carlo events were generated using the code RESOLUTION [61] to 
simulate the 12C+12 C decay of an excited state at 22 MeV in 24Mg populated via 
the 9Be(24Mg,24Mg*)9Be reaction. The insets again show the data with a 5th order 
polynomial fit to the underlying background (dotted curves)· subtracted. The 
vertical arrows indicate the calculated position of the Q999 peak at Q = -13.933 
MeV. No evidence for a Q999 peak is observed in the raw experimental data of 
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Figure 6.33: Q-value spectra reconstructed from 12C+12C coincidences observed 
in the 9Be target data assuming recoil masses of (a) 9 and (b) 12 a.m.u. The 
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Figure 6.34: Energy vs momentum plot for recoil nuclei associated with 12C+12 C 
coincidences observed in the 9Be target data. The solid and dashed lines in-
dicate the predicted loci for Q999 events from the 9Be(24 Mg, 12C 12C) 9Be and 
12C(24Mg,12 C 12C) 12C reactions respectively. 
figure 6.35(a). However, if 500- 750 simulated events are added (figures 6.35(c) 
and (d)) then a weak Q 999 peak is observed. From this analysis, it is clear that 
less than 750 events have been observed experimentally. From equation 4.38, this 
value corresponds to an upper limit on the double differential cross section for the 
9Be(24 Mg,12C 12C) 9Be reaction of (0.02±0.01) mb sr-2 . The quoted uncertainty 
again reflects the 20% uncertainty in the 9Be target thickness. 
6 .8 Summary of 12C+12C Breakup Results 
The 12C+12 C breakup of 24 Mg was observed following the interaction of the 170 
MeV 24Mg beam with the 12C target, i.e. via the 12C(24 Mg,12C 12C) 12 C reaction, 
as discussed in section 4.3. The results were shown to be consistent with previous 
measurements of this reaction [96, 140] and were used to verify the energy and 
angular calibrations of the detectors. In addition, new spin assignments were 
proposed for several of the breakup states. 
The 12C+12C breakup of 24 Mg was also observed in the data taken with the 
LiCO target containing 7Li, 12C and 160 nuclei. No evidence for Q999 events 
from the 7Li component of the target was observed. The experiment was how-
ever unable to distinguish between reactions proceeding from the 12C and 160 
components of the target. A quantitative comparison of the Q999 yields from the 
pure carbon target and the composite LiCO target found that the 160(24Mg,12C 
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Figure 6.35: The reconstructed Q-value spectrum for the 9Be(24Mg,l2C 12C)9Be 
reaction with (a) 0 (b} 250 (c) 500 (d) 750 (e) 1000 and (f) 2000 Monte Carlo 
simulated Q 999 events added. The insets show the summed data with a smooth 
underlying background (dotted curves) subtracted. The vertical arrows indicate 
the calculated position of the Q999 peak at Q = -13.933 MeV. 
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Reaction Centre-of-Mass Cross Section 
Energy (!vie V) d2a ( b .-2) df21dn2 m sr 
l6Q(24Mg,r2c r2c)r60 68.0 0.08 ± 0.02 
t2C(24Ivfg, r2c r2C) r2c 56.7 0.20 ± 0.02 
9Be(24Ivig,r2c 12C)9Be 46.4 < 0.02 ± 0.01 
7Li(24Mg,r2c t2C)7Li 38.4 < 0.08 ± 0.02 
Table 6.9: Comparison of the integrated double differential cross sections mea-
sured for the 16Q(241Jfg,12C 12C)1GO ' 12C(24Ivig,r2c 12C)12C ' 9Be(24!vlg,l2C 
12C)9Be (upper limit) and 7Li(24Ivig,12 C 12CfLi (upper limit) reactions. The 
statistical upper limits are quoted with an error that represents the additional 
contribution from the uncertainty in the target thickness. 
12C) 160 reaction must contribute to the 2'1Ivlg -+ 12C+12C yield observed in the 
Li CO target data. This result suggests that a direct nuclear inelastic scattering 
mechanism may be important for the population of the 12C+12C breakup states, 
rather than a resonance mechanism involving the hyperdeformed configuration in 
36 Ar [178]. 
The integrated double differential cross sections measured for the 12C(24:Nig,l2C 
12 C) 12C and 160(24:tv1g, 12C 12C)160 reactions are listed in table 6.9. The value 
measured for the 160(24Ivig/2C 12C) 160 reaction is approximately a factor of two 
lower than that measured for the 12C(24Mg, 12C 12C) 12C reaction. This is ap-
parently inconsistent with pure nuclear inelastic scattering, for which the cross 
section is expected to increase with the mass of the target (this will be discussed 
in section 7.2.1). In obtaining the cross section values listed in table 6.9, no cor-
rection was made for detection efficiency as this would require additional assump-
tions regarding the angular distributions of the resonant 24Mg nucleus. Neither 
has a conversion to centre-of-mass solid angle been applied since this would be 
of limited validity, as discussed in section 6.4.2. However, these effects are not 
expected to significantly affect the results as will be discussed in section 7.2.1. 
The 12C+12C breakup of 24Mg was not observed in the interaction of the 170 
MeV 24Mg beam with either the 9Be or 7Li target nuclei. Upper limits were 
deduced for the integrated double differential cross sections for the 7Li(24Mg,l2C 
12C) 7Li and 9Be(24Mg,12C 12C)9Be reactions and these are also listed in table 6.9. 
The lack of yield from the 7Li and 9Be target nuclei would also apparently con-
tradict the suggestion that the 12C+12 C breakup states are populated via nuclear 
inelastic scattering. A more detailed discussion of these results is reserved for the 
following chapter. 
Chapter 7 
Discussion and Conclusions 
In chapter 6, the results for the 12C+160 cluster breakup of 28Si were presented. 
The data suggested that the same states in 28Si were populated following the 
interaction of the 170 MeV 24Mg beam with 12C, 7Li and 9Be target nuclei. This 
implied that the dominant reaction mechanism populating these states is direct 
a-transfer onto the 24Mg projectile. In section 7.1.1, these results are compared 
to semi-classical kinematic matching calculations for the a-transfer process. 
The 12C+160 breakup states observed in the present work are compared in 
section 7.1.2 to resonances previously observed in 12C+160 scattering and reaction 
channels. In section 7.1.3, the data are compared to the predictions of the various 
theoretical calculations ､ｾｳ｣ｲｩ｢･､＠ in chapter 2. 
7.1.1 Kinematic Matching Calculations 
At energies well above the Coulomb barrier, transfer reactions between heavy ions 
will have a high cross section only if certain kinematic conditions are satisfied. 
These conditions reflect the requirement that both the linear momentum of the 
transferred nucleon, or cluster of nucleons, and the total angular momentum of the 
interacting system must be (approximately) conserved during the interaction. At 
the energies encountered in the present experiment, these matching conditions are 
well described within the framework of a semi-classical model initially proposed 
by Brink (29] and further developed by Anyas-Weiss et al (4]. 
Figure 7.1 schematically illustrates the transfer of a spin zero cluster m from 
the projectile nucleus (consisting of the core 1\lh plus the cluster m) to the target 
nucleus M2 . Although this diagram, as given in Brink's original paper, describes 
a stripping reaction (transfer from projectile to target), the same arguments may 
be applied to pickup reactions (transfer from target to projectile) by transforming 
the appropriate energies and hence momenta from the rest frame of the target 
to that of the projectile. For the situation depicted in figure 7.1, the initial 
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Figure 7.1: Schematic diagram illustrating the physical quantities involved in 
Brink's semi-classical description of the transfer process [29]. 
and final states are specified in a co-ordinate system with the z-axis defined to be 
perpendicular to the scattering plane. The orbital angular momenta of the cluster 
m about the core lv/1 before transfer and about the core M2 after transfer are 
denoted by L 1 and L2 respectively. The projections of these angular momentum 
vectors onto the z-a.""{is are denoted by .A1 and .A2 as shown. 
The interacting nuclei are defined to approach along the y-direction. The 
change b.p in they-component of the linear momentum of the transferred cluster 
m may be expressed via the change in the wavenumber b.k ( = b.p/li) by, 
(7.1) 
·where v is the relative velocity of the donor (Jv/1 +m) and acceptor (1\1/2) nuclei 
in the initial rest frame of the target lv/2 . R1 and R2 denote the radii of the cores 
M1 and M2 respectively. 
The total angular momentum of the two interacting nuclei about the centre-
of-mass of the whole system is given by the vector sum of the internal angular 
momentum of each nucleus and the angular momentum of relative motion. By 
treating the angular momentum of relative motion classically, Brink [29] derived 
an expression for the change b.L in the z-component of the total angular momen-
tum during the interaction, 
(7.2) 
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where R is the distance of closest approach. In heavy ion transfer reactions, the 
important interactions typically take place when the distance between the centres 
of the interacting nuclei are separated by a distance which is a little larger than 
the sum of their radii [4] and hence R ｾ＠ R1 + R2 . If the transferred cluster is 
charged, as in the present case of a-transfer, then the effective Q-value (Qeff) in 
equation 7.2 is related to the reaction Q-value ( Q) through the relation, 
(7.3) 
where ZL ｺｾ＠ and z{, zt are the charges of the nuclei in the initial and final 
states and e is the electronic charge. However, for reactions between light nuclei 
this Coulomb correction is negligible and Qeff ｾ＠ Q [4, 29]. The quantity Q 
in equation 7.3 is equal to Q98 + Ex, i.e. the sum of the reaction Q-value for 
population of the ground states in the final nuclei (Q98 ) and the internal excitation 
energy (Ex) of the final nucleus. 
Conservation of linear mornentum requires that ｾｫ＠ = 0. However, the linear 
momentum is not exactly conserved since they-component of the cluster position 
is known only to within an uncertainty fly ｾ＠ R/2 when the transfer takes place. 
The y-component of the linear momentum is thus uncertain by ｾｐ＠ ｾ＠ 21i/ R 
[29] and hence flk ｾ＠ 2/ R. Similarly, the total angular momentum should be 
conserved in any physical process requiring that flL = 0. However, Brink [29] 
pointed out that the discussion as given above is inconsistent since the internal 
angular momenta of the interacting nuclei are quantised while the angular mo-
mentum of relative motion is treated classically. This inconsistency allows small 
deviations of flL, as defined in equation 7.2, away from zero. From these consid-
erations, the transfer probability is expected to be largest when ｾｫ＠ and ｾｌＬ＠ as 
defined in equations 7.1 and 7.2, are both approximately equal to zero. A more 
quantitative treatment is described below. 
In the notation defined in figure 7.1, the state initially occupied by the cluster 
m relative to the centre of the initial nucleus N11 may be represented by the wave 
function, 
(7.4) 
where u1(r1) is the radial component of the wave function and YL1 .x1 (B, ¢) is the 
spherical harmonic describing the angular dependence of the wave function. After 
transfer, the state occupied by the cluster m relative to the centre of the final 
nucleus M2 may similarly be represented by the wave function, 
(7.5) 
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Assuming that the centres of the interacting nuclei follow well defined classical 
orbits, the probability for the transfer of cluster m from the initial state 'lj;1 to 
the final state 'lj;2 may be approxirnated by an expression of the form [4], 
(7.6) 
where the quantity P0 (R) depends on the radial wave functions of the initial and 
final states (u1(r1) and u2(T2)) and on the distance R Ｈｾ＠ RI + R2) of closest 
approach. Due to the exponential functions in equation 7.6, the transfer prob-
ability P(Al, A2) will be small unless !:lk ｾ＠ 0 and !:lL ｾ＠ 0, as expected. The 
widths a1 and a2, describing the allowed deviations of !:lk and !:lL away from 
zero, may be estimated from uncertainty arguments. Reasonable values [4] are 
a 1 ｾ＠ 1r and a2 ｾ＠ V('YR) where 'Y2 == 2mE/1i2 and f. represents an average of the 
binding energies of the cluster min the initial and final nuclei. 
The arguments of the spherical harmonic functions, as given in equation 7.6, 
arise because the transfer probability will be largest when the transferred cluster 
m is near the reaction plane where 81 ｾ＠ 82 ｾ＠ ｾﾷ＠ Furthermore, the parity prop-
erty of spherical harmonics (29] will yield ｙｌａＨｾＬ＠ ¢) == 0 unless L + A = even. 
Consequently, the transfer probability P(AI, A2 ) will be zero unless, 
(7.7) 
which restricts the values of AI and A2 that may contribute to the transfer process. 
Equation 7.6 allows the relative transfer probability, from a given initial state 
(Lb AI) to a given final state (L2 , .A2), to be evaluated as a function of excitation 
energy in the final nucleus. The total probability for the transfer of cluster m from 
a state of orbital angular momentum LI to a state of orbital angular momentum 
L2 is then obtained by summing the individual contributions from all allowed 
combinations of AI and A2 . 
For the three a-transfer reactions studied in the present work, the relative 
transfer probabilities were evaluated as a function of both excitation energy and 
spin J in 28Si using the code ONE-STEP (adapted from an original program from 
1 
Oxford [4]) and are shown in figure 7.2. In these calculations, the radii RI = r 0Af 
1 
and R2 = ｲ Ｐ ａｾ＠ of the interacting nuclei were deduced using a value of r 0 = 1.4 
fm for the radius parameter. The 24Mg beam energy was 170 MeV in each case. 
Since both the transferred a-particle and the 24Mg projectile have zero intrinsic 
spin, the spin J of the state in 28Si produced in the transfer process will be equal 
to L 2 , the final state orbital angular momentum of the a-particle about the 24Mg 
core. 
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Figure 7.2: The relative transfer probabilities, as a function of excitation energy 
and spin J in 28Si, for the a-transfer reactions (a) 12 C(24Mg,28Si*) 8Be (L1 = 0 ---+ 
L2 = J), (b) 7Li(24Mg,28Si*)3H (L1 = 1 ---+ L2 = J) and (c) 9Be(24Mg,28Si*)5He 
(L1 = 0 ---+ L 2 = J). In each case the 24Mg beam energy is 170 MeV. The 
reaction Q-values for population of the 28Si ground state in the transfer process 
are indicated. 
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Both the 120 98 target nucleus and the 8Be98 recoil have zero intrinsic spin. 
The initial orbital angular momentum of the a-particle in the 12C target (LI) is 
thus also zero. Similarly, the spin of both the 9Be98 target and the 5He98 recoil is 
ｾＭ and the initial orbital angular momentum of the a-particle in the 9Be target 
(LI) is again zero. Thus for a-transfer from these two targets, only the A1 = 0 
projection may contribute. The 7Li98 with a spin of ｾＭ may be described by an 
a-particle in an L = 1 state relative to the 3H9s recoil which has an intrinsic 
spin ｯｦｾＫＮ＠ In this case, the A1 = ±1 projections contribute (A1 = 0 violates the 
requirement of equation 7. 7). 
Figure 7.2 shows that for a-transfer onto a 170 MeV 24 :Nig beam, the optimum 
kinematic matching is for the population of states in 28Si with spin J ｾ＠ 10 at 
excitation energies of approximately 33, 40 and 40 MeV for the 12C, 7Li and 
9Be targets respectively. The magnitude and width of the matching curves for 
the 12C and 9Be targets, shown in figures 7.2(a) and (c) respectively, are almost 
identical. The 12 C curves are however shifted downwards in excitation energy by 
approximately 7 MeV relative to those for the 9Be target. The matching curves 
for the 7Li target span a wider range of excitation energies with the curves for 
populating spins in the range J = 6 - 10 centred at similar energies to those for 
the 9Be target. The magnitudes of the transfer probabilities for the 7Li target 
(for a given spin in 28Si) are at least twice those for the 12 C and 9Be targets. 
For the 28Si excitation energy range sampled in the present data (Ex(28Si) 
ｾ＠ 26 - 36 MeV), the matching curves for the three target nuclei studied are 
similar. This is in qualitative agreement with the observed similarities of the 
28Si excitation energy spectra obtained with the three target nuclei and with the 
inference that the same excited states are populated in the three reactions. 
The integrated double differential cross sections measured for the three a-
transfer reactions discussed here (together with an upper limit for the the 160(24 lV1g, 
12C 160)12C reaction which was also observed) have been given in table 6.7 of 
section 6.4.2. The cross section measured for the 12C(24Mg, 12C 160) 8Be reaction 
is similar to the upper limit deduced for the 160(24Mg, 12C 160)120 reaction. The 
measured values for the 7Li(24Mg,12C 160)3H and 9Be(24Mg,12C 160)5He reac-
tions are however approximately 4 and 6 times larger respectively. F\lrthermore, 
the measured cross sections do not vary smoothly with target mass. From the 
results of the matching calculations shown in figure 7.2, the cross sections for 
a-transfer from the 120 and 9Be target nuclei would be expected to take similar 
values while a larger cross section would be expected for the 7Li target data. The 
observation of a significantly larger cross section for the 9Be(24Mg,l2C 160)5Be 
reaction would suggest the overlap of a 5He-a cluster structure with the 9Be9s 
wave function to be larger than the overlap of 3H-a and 8Be-a cluster structures 
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with the 7Ligs and 12Cgs wave functions respectively. In this case, a-transfer fro1n 
the 9Be target would be enhanced relative to that from the 7Li and 12C targets 
as observed in the present data. However, the calculated a-particle spectroscopic 
factors for both the 7Li and 9Be ground state wave functions are approximately 
unity (22, 186] while that for the 12C ground state is rv0.5 [22, 136]. Although 
these values are in qualitative agreement with the lower cross section measured 
for a-transfer from the 12C target, when considered together with the matching 
calculations they again suggest a larger cross section for a-transfer from the 7Li 
target relative to 9Be. However, the reaction analysis is also complicated by the 
unbound nature of the 8Be and 5He recoil nuclei and the weak binding of the 
7Li and 9Be target nuclei (the weak binding of these target nuclei will be further 
discussed in section 7.2.1). These factors can have a complicated effect due to 
coupling to continuum states in the recoil nuclei which may in principle enhance 
or diminish the cross section (214]. The enhanced cross section for a-transfer 
from the 9Be target, relative to the 7Li target, may be evidence for such effects. 
In the 7Li and 9Be target data, it was found that different states were ob-
served with different intensities depending on whether the 12C decay fragment 
was emitted with a (laboratory) energy less than or greater than 70 MeV. This 
apparent separation of the data was shown to correspond to 12C decay fragments 
emitted preferentially either forwards or backwards in the centre-of-mass relative 
to the beam direction. Although evidence for this effect was also observed in the 
analysis of the 12C(24Mg,l2C 160)8Be reaction, the apparent separation of the 
data was much less significant than for the 7Li and 9Be target data. This result 
confirmed that the effect was genuine and did not arise due to errors in the cali-
brations of the detectors. An understanding of the mechanism responsible for the 
observed effect may reveal the finer details of the reaction mechanism populating 
the breakup states via the a-transfer process. Since the effect was found to be 
most significant for the non zero spin target data, this would suggest that the 
spin of the target nucleus may play an important role. However, the origin of 
this apparent separation of the data remains unclear at present. 
7.1.2 Comparison with 12C+160 Heavy Ion Resonances 
In table 7.1, the 12C+160 breakup states observed in the present work, via 
a-transfer onto 24Mg, are compared to the heavy ion resonances observed in 
12C+160 scattering and reaction channels in the same excitation energy region of 
28Si. The uncertainty in the absolute excitation energy calibration of the present 
experiment is estimated to be ±0.15 MeV and the excitation energy -resolution is 
rv250 ke V, as discussed in chapter 6. The statistical uncertainties for the observed 
widths of the breakup states have been given in table 6.6. 
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Present 12C(l60 ,a )24 Ivlg 24 Ivlg( a, 12C) 16Q 12C(l6o,, X)x 
Work (23] [204] [25] 
Ex Width J1r Ex vVidth J7r Ex J1r Ex vVidth J7r 
(Ivie V) (ke V) (TYie V) (ke V) (TYieV) (TYle V) (ke V) 
(26.51) 
28.17 435 (13-) 
29.51 668 29.48 7-
29.95 577 29.90 650 s+ 
30.45 421 30.45 100 8+ 30.45 8+ 30.5 70 9-
30.76 (329) 30.75 9-(8+) 
(31.3) 31.10 9-
31.65 483 31.51 9- 31.5 150 (lo+) 
31.90 (271) 
32.51 (433) (32.5) 
32.8 240 (11-) 
33.14 376 (33.1) 300 
33.41 675 33.5 500 (12+) 
33.77 304 
34.45 427 12+,14+ 34.4 400 (12+) 
35.13 510 35.4 400 (13-) 
Table 7.1: Comparison of the 12C+160 breakup states in 28Si observed in the 
present work with heavy ion resonances observed in the 12C+160 system via the 
12C(160,a) 24Mg (Brady et al [23]) and 24Mg(a,l2C) 160 (Soga et al [204]) reactions 
and in the f'-yield, i.e. 120(160,/' X)x reaction (Branford et al (25]). Values in 
parentheses are tentative. 
The second column of table 7.+ shows the results of Brady et al [23] who 
applied a two level resonance formula to the 12C(l60,a) 24 l\llg data of Halbert et al 
[108] who had originally observed an anomaly near Ecm = 13.71\IIeV (section 1.2). 
Two interfering resonances were revealed by the fit to the data (averaged over 
transitions to the ground and first six excited states in 24Mg and over three angles) 
at centre-of-mass energies of 13.15 MeV and 13.7 MeV (Ex(28Si) = ·29.90 and 
30.45 MeV) with widths of approximately 650 and 100 ke V respectively. These 
resonances were also observed in the 20Ne+8Be exit channel (23] as a broad ( rv650 
keV) resonance centred at ""'13.15 MeV and a narrow ("-'60- 100 keV) resonance 
at rv13.7 MeV. A spin of J = 8 was assigned to both resonances from the angular 
distributions of the decay particles. 
In a study of the 24 Mg(a,12C) 160 reaction, Soga et al (204] found the same 
resonances in the 28Si composite system to be populated as those observed via 
the 12C+160 entrance channel. A simultaneous measurement of a+24Mg elastic 
and inelastic scattering found strong correlations between the excitation functions 
for the 24Mg(a, 12C) 160 and 24Mg(a,a') 24Mg reactions. This suggested a strong 
coupling of the 24Mg+a structure to the 120+160 molecular states. Spins were 
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assigned to the observed resonances from a study of the angular distributions of 
the 12C fragments from the 24 Nig(a/2C) 160 reaction and are listed in table 7.1. 
The widths of the observed resonances were not given [204]. 
Branford et al [25] measured the excitation functions for 12C+ 160 reactions 
populating 24Mg, 20Ne, 23 Na, 26 Al, 26 :Wig and 27 Al by measuring the 1-yields 
from the decays of excited states of these residual nuclei. The total fusion cross 
section, excluding elastic and inelastic channels, was then determined for the 
centre-of-mass energy range rv12.8- 18.2 MeV (Ex(28Si) ｾ＠ 29.6- 35 MeV). The 
excitation function for inelastic scattering to the 6.13 !vleV (3-) state in 16 0 
was also measured between Ecm ｾ＠ 14- 18.7 IvieV (Ex(28Si) ｾ＠ 30.8- 35.5 IvieV). 
Several molecular states were observed in the data and are listed in the final 
column of table 7.1. Iviany of these resonances have been observed in other studies 
of the 12C+160 interaction. Branford et al [25] noted that below Ecm ｾ＠ 17 MeV 
(Ex(28Si) ｾ＠ 33.8 IvieV), the resonances were observed mainly in the 24Mg+a exit 
channels and in the total fusion cross section. Between Ecm = 17 - 20 Ivie V 
(Ex(28Si) ｾ＠ 33.8 - 36.8 IvieV), neither the a-particle exit channels nor the total 
fusion cross section showed any evidence of resonant behaviour. However, strong 
resonances corresponding to excitation energies of 34.4 MeV and 35.4 MeV in 28Si 
were observed in the excitation function for inelastic scattering to the 6.13 MeV 
(3-) state in 160. At energies above Ecm = 20 MeV, resonances have again been 
observed in a-particle exit channels and in the total fusion cross section [25]. It is 
not clear why these resonances should behave so differently if, as was suggested in 
chapter 1, they belong to the same rotational band. A possible explanation will 
be discussed in section 7.1.3. Spins were proposed for several of the resonances 
observed by Branford et al [25] from a comparison of the measured energies of 
the molecular states with estimates obtained from the double resonance model 
[117) and are given (in parentheses) in table 7.1. 
Most of the breakup states observed in the present work appear to correlate 
well with the energies, and to a lesser extent also the widths, of the 12C+160 
resonances. However, accurate spin information for the breakup states and for 
many of the heavy ion resonances is required to confirm such an association. 
It is thus not clear from the present information to what extent the correspon-
dence observed in table 7.1 is accidental due to the many states observed. The 
spin assignment of J7r = 12+ or 14+ to the state at 34.45 MeV observed in the 
present work is however consistent with the proposed spin of J7r = 12+ [25] for 
the resonance at 34.4 MeV (Ecm = 17.6 IvieV) observed in 12C+160 inelastic scat-
tering. The population of the breakup states via a-transfer onto 24Mg suggests 
a strong 24Mg+a parentage. This is consistent with the strong 24Mg+a charac-
ter of the heavy ion resonances [25, 204] (at least below 33.8 MeV excitation in 
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28Si) and strengthens the suggestion that both processes are probing the same 
structures in 28Si. Figure 7.3 shows the energy-spin systematics of the 12C+16 0 
resonances, indicated by the region between the dotted lines, together with the 
two breakup states observed in the present work for which spin assignments have 
been proposed. Both the J7r = 12+ and 14 + assignments for the state at 34.45 
Ivie V are shown. The 34.45 Ivie V state observed via a-transfer is consistent with 
the systematics of the 12C+160 resonances as suggested above. Such a corre-
spondence would favour the J7r = 12+ assignment to this state. The spin of 
J7r = 13- tentatively assigned to the structure at ""28.2 MeV in the breakup 
data is however inconsistent with the proposed rotational band for the 12C+160 
resonances where spins of typically 5 or 6 1i are expected in this energy region. 
The present data found evidence for the fragmentation of this broad state into 
narrower states at approximately 27.6, 28.1 and 28.5 MeV. The large background 
observed in the projected angular correlation for this broad peak (figure 6.6(a)) 
also suggested contributions from states of spin J =/::13. Resonances have been 
observed at Ecm = 10.9 MeV (J1r = 5-) and 11.83 IvieV (E(28Si) = 27.65 and 
28.58 MeV), via the 12C(l60,p)27 Al [144) and 12C(160,a)24Mg [41) reactions re-
spectively, which may be contributing to the broad peak at ""28.2 MeV in the 
breakup data. However, the Jn = 13- strength observed in this excitation en-
ergy region would imply that structures not associated with the band of 12C+160 
resonances are also observed in the breakup data. 
7.1.3 Comparison with Theory 
In chapter 2, two configurations in 28Si were discussed corresponding to prolate 
and triaxial deformations, each of which could be described within the framework 
of the Harvey model [110] (section 2.1.6) in terms of a 12C-160 cluster structure. 
The axially symmetric prolate configuration was predicted by Nilsson-Strutinsky 
[139), Hartree-Fock [58] and a-cluster model [9, 231] calculations to lie several 
MeV above the oblate 28Si ground state. This configuration has been associated 
[63) with the rotational band built on the 6.69 MeV (ot) state in 28Si with mem-
bers at 7.38 (2+), 9.16 (4+) and 11.51 MeV (6+) observed experimentally by Glatz 
et al [103] via the 25 Mg(a,n/')28Si reaction. The (sd) 12 single-particle configura-
tion of this prolate structure may be formed by the addition of four nucleons (two 
protons and two neutrons) into the sd shell of the 24Mg (sd)8 ground state con-
figuration suggesting that members of this band may be populated in a-transfer 
onto 24Mg. However, studies of the 24Mg(6Li,d)28Si a-transfer reaction [212] have 
found the members of this prolate band to be only weakly excited. Conversely, 
the band members at 6.69 MeV (o+) and 11.51 MeV (6+) were observed to be 
strongly populated in the 12C(2°Ne,a)28Si reaction [135]. Due to the large 160-a 
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Figure 7.3: Energy-spin systematics for the 120+160 scattering resonances [42, 43] 
(region between dotted lines), the low-lying prolate band in 28Si built on the 6.69 
MeV (Ot) state [103] and the breakup states observed in the present work. The 
open points are theoretical predictions (9]. The dashed line indicates the grazing 
angular momentum L9r for the 120+160 entrance channel (see text). 
parentage of the 20 Ne ground state [135], this observation is consistent with the 
12C-160 cluster character assigned to this prolate band. 
In the a-cluster model calculations of Zhang et al [231], a triaxial configuration 
was predicted in 28Si ｷｾｴｨ＠ an (sd) 8 (fp)4 single particle configuration corresponding 
to a 24 Mg93 +a structure. This configuration may thus also be populated in a-
transfer, in this case by the addition of four nucleons into the fp shell of the 24Mg 
(sd)8 ground state configuration. Within the framework of the Harvey model 
[110], this configuration may equivalently be described in terms of a non axially 
symmetric 120+160 cluster structure with the symmetry axis of the oblate 12C 
orientated perpendicular to the line joining the centres of the two fragments. The 
properties of the triaxial configuration are consistent with the observed properties 
of both the 12C+160 breakup states observed in the present work and the 12C+160 
heavy ion resonances observed at energies near and above the Coulomb barrier. 
No minimum corresponding to this triaxial configuration was observed in the 
Nilsson-Strutinsky calculations of Leander and Larsson [139] (section 2.1.3) or in 
the cranked Nilsson-Strutinsky calculations of Ragnarsson and Aberg [180]. The 
rotational band built on the (sd)8 (fp )4 single particle configuration was however 
predicted by Ragnarsson and Aberg [180] within the rotating harmonic oscillator 
model with a band head energy several MeV above that of the (sd)12 prolate band. 
The lack of a corresponding minimum in the Nilsson-Strutinsky calculations was 
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attributed [180] to the large signature splitting of the lowest fp shell orbitals 
suggesting that the band built on the (sd) 8 (fp) 4 configuration should lie at even 
higher excitation energies. An excited prolate band with an (sd) 10 (fp) 2 (one 
proton and one neutron excited to the fp shell) single-particle configuration was 
predicted at lower excitation energies [180] and several members of this band have 
been observed experimentally [135]. The extrapolated band head energy of the 
rotational band associated with the experimental 12C+160 heavy ion resonances 
occurs at an excitation energy of rv26.8 !vie V (Ecm rv 10 MeV) in the composite 
28Si nucleus. This is significantly higher than that predicted for the prolate 
(sd) 12 configuration but consistent with that expected for the triaxial (sd)8 (fp)4 
configuration. The evidence thus suggests that the breakup states observed in the 
present work and the resonances observed at energies near and above the Coulomb 
barrier in the 12C+160 system, with a strong 24Mg+a character [25, 204], may be 
populating the triaxial configuration predicted by the a-cluster model calculations 
of Zhang et al [231]. However, evidence for a J7r = 13- state was also observed 
in the breakup data which was inconsistent with the energy-spin systematics of 
the 12C+160 heavy ion resonances. This suggested the possibility that other 
configurations in 28Si are also observed in the breakup data. 
The energy-spin systematics for the o+ to 6+ members of the low-lying prolate 
band built on the 6.69 MeV (Ot) state, as observed by Glatz et al [103], are shown 
in figure 7.3. This prolate band, the oblate ground state band (not shown) and 
the excited prolate band with an (sd) 10 (fp)2 single-particle configuration (not 
shown) are predicted to cross in the vicinity of J = 8 at rv14 ivieV excitation 
[135, 180], thus making assignment of experimental levels to these bands difficult 
in this energy region. The energies of the 8+ and 10+ members of the (sd) 12 
prolate band predicted by the a-cluster model calculations of Bauhoff et al [9] at 
15.8 and 20.0 MeV respectively are thus shown in figure 7.3. It seems reasonable 
that the J7r = 13- assignment to the state at rv28.2 MeV would be in accord 
with an association of this state to a negative parity band built on the prolate 
configuration. This negative parity band is obtained from the prolate (sd) 12 
configuration by the excitation of one particle from a 1d to a 1f orbital [10, 11]. 
The dashed line in figure 7.3 indicates the grazing angular momentum L9r for 
the 12C+160 entrance channel calculated using the expression [42), 
(7.8) 
! 1 1 
where 7] = 0.16Z1Z2 (i;;) 2 , J.L = ａｾｾａＱ Ｒ Ｌ＠ R = ro(Af ＫａｾＩ＠ + 0.5 and Vc = 
1.44/3 zi2 • The masses and charges of the two nuclei are denoted by A1 , A2 and 
Z1, Z2 respectively. The values r 0 = 1.3 fm and f3 = 0.88 were chosen (42] which 
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give the Coulomb barrier (Vc) at 9 !vieV for the 12C+160 system. The J7r = 
13- state tentatively observed in the present work falls well below the grazing 
angular momentum for the 12C+160 entrance channel. This state would thus 
not be expected to be observed in 12C+160 scattering since the distance between 
the 12C and 160 fragments would be significantly greater than the sum of their 
radii. Conversely, the observed 12C+160 resonances lie above the grazing angular 
momentum as shown in figure 7.3. The cluster decay of the J7r = 13- state 
requires the penetration of a significant centrifugal barrier and its observation in 
the breakup data thus implies a strong 12C+160 cluster structure for this state. 
Baye and Heenen [10, 11] performed microscopic calculations for the 12C+16 Q 
system in a two centre shell model (section 2.1.2) formalism. The wave functions 
for the 12C and 160 fragments were constructed in the harmonic oscillator model 
with the same size parameter b. The wave function of the composite system was 
then constructed from the Slater determinant of the 12C and 160 wave functions. 
The eigenstates of the nuclear Hamiltonian (equation 2.16), which contained the 
Brink-Boeker B1 nucleon-nucleon interaction [28] and the exact Coulomb inter-
action, where determined using the Generator Co-ordinate Method ( GCM) [184] 
(in analogy with the Bloch-Brink a-cluster model [27]). Due to the incomplete p 
shell of the 12C98 configuration, compared to the closed shell structure of 160 98 , 
the relative orientation of the 12 C fragment was found to play an important role. 
In both a static study of the molecular system [10] and a. dynamic study of 
12C+160 elastic scattering [11] the calculations predicted the existence of four 
rotational bands (two positive and two negative parity). These bands were char-
acterised by a quantum number nv which described the relative orientation of the 
12C and 160 fragments. The nv = 0 and 1 bands had a different behaviour in 
the limit of zero separation between the two oscillator wells consistent with the 
Harvey model description of the prolate (sd)12 and triaxial (sd)8 (fp)4 configura-
tions shown in figure 2.15. Indeed, the calculations [10] showed that in this limit, 
the lowest (nv = 0) positive parity configuration reduced to the prolate (sd)12 
single-particle configuration in 28Si (figure 2.15(b)). Due to the similarity in the 
masses of the two nuclei, the corresponding negative parity states were located 
at much higher energies than the positive parity states. 
The energy-spin systematics of the four bands predicted by the calculations 
are shown in figure 7.4. From a comparison with the experimental data shown in 
figure 7.3 and on the basis of the previous discussion, the lowest energy (nv = 0) 
positive parity band predicted by Baye and Heenen (10, 11] may be assigned to 
the experimental positive parity band built on the 6.69 MeV (Ot) state in 28Si. 
The assignment of J7r = 13- to the state at ""28.2 MeV in the present work may 
thus provide evidence for the 13- member of the lowest (nv = 0) negative parity 
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Figure 7.4: Energy-spin systematics of the four rotational bands (two positive 
and two negative parity) in the 120+160 system predicted by the two centre 
harmonic oscillator shell model calculations of Baye and Heenen [10, 11]. 
band shown in figure 7.4. The second (nv = 1) positive and negative parity bands 
may be associated with the experimental resonances observed near and .above the 
Coulomb barrier in the 120+160 system and with breakup states observed in the 
present data. These bands may thus be associated with the triaxial (sd) 8 (fp)4 
configuration (and the corresponding negative parity configuration) predicted by 
the a-cluster model [231] and the rotating harmonic oscillator model [180]. 
In figure 7 .4, the two pairs of bands corresponding to nv = 0 and 1 respec-
tively are distinct up to J = 13. At higher angular momenta, the negative and 
positive parity states lie on a single approximately rotational trajectory. Baye 
and Heenen associated these higher states with the nv = 0 bands [10, 11]. The ob-
served change in character of the 120+160 resonances above approximately 33.8 
MeV excitation in 28Si would be accord with the population of the prolate (sd) 12 
configuration (and the corresponding negative parity configuration) which may 
be expected to have a greater overlap with inelastic channels (i.e. 12C9s+160(6.13 
MeV, 3-)) rather than with a 24Mg+a structure. Conversely, the triaxial configu-
ration is expected to have a large overlap with a 24Mg+a structure thus favouring 
its observation in a-particle exit channels. As discussed in chapter 2, both con-
figurations are expected to be populated in a-transfer onto 24Mg and both may 
thus be present in the breakup data. 
The interpretation given above remains speculative. Detailed measurements 
of the spins and decay properties of both the breakup states and the heavy ion 
resonances are required to determine the validity of such an interpretation. It 
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is also noted that in order to account for the observation of several resonances 
with the same spin (in addition to the two rotational bands proposed above), 
vibrational excitations superposed on the rotational structure should be taken 
into account (41] as has been done for the 12C+12C system [40, 43, 73). 
7.2 The 12C+12C Breakup of 24Mg 
The 12C+12C breakup of 24Mg was observed following the interaction of the 170 
l\tleV 24 Tv1g beam with the pure carbon target. In chapter 6, evidence for the 
population of these breakup states via the 16 0(24Mg,12C 12C) 160 reaction was 
also presented. No evidence was observed for the population of these states 
following the interaction of the 24 Tvlg beam with either the 7Li or 9Be target 
nuclei. These results are discussed in section 7.2.1 in relation to the possible 
reaction mechanism responsible for the population of the breakup states in the 
12C and 160 target data. 
In section 7.2.2, the new spin assignments proposed for several of the breakup 
states observed in the present work are discussed. The results are compared to 
the resonances observed in 12C+12C scattering and reaction channels. 
7.2.1 Reaction Mechanism 
In table 6.9 of section 6.8, the integrated double differential cross sections mea-
sured for the 12C(24Mg,12C 12C) 12C and 160(24Mg,12C 12 C) 160 reactions were 
listed. It was ｮｯｾｾ､＠ ｴｾ｡ｴ＠ ｾｨ･ Ｎ＠ value of (0.08±0.02) mb sr-2 measured for the 
16 0(24Mg,12C 12 C) 16 0 reaction is approximately a factor of two lower than the 
value of (0.20±0.02) mb sr-2 measured for the 12C(24Mg,12C 12C) 12C reaction. 
However, no correction for coincident detection efficiency had been applied in 
obtaining these values since the Monte Carlo predicted efficiencies for the two re-
actions were found to be similar with peak values of 13.1% and 11.7% for the 12C 
and 160 target data respectively. These efficiencies had been evaluated assuming 
a centre-of-mass angular distribution of the resonant 24Mg nucleus characterised 
by an exponential fall-off with a centre-of-mass half angle of 16° (section 3.2.2). 
However, the exact form of the angular distributions of the resonant 24 Mg nucleus 
in the 12C and 160 target data are not known. The effect of altering the half angle 
in the Monte Carlo simulation has therefore been investigated. 
Figure 7.5 shows the efficiency profiles for the 12C and 160 target data eval-
uated for half angles of go, 16° and 32°, i.e. a factor of two decrease or increase 
in the assumed width of the angular distributions. The shapes of the efficiency 
profiles are found to be unaffected by the width of the distribution and only the 
relative magnitudes of the efficiencies vary. The Monte Carlo simulations sug-
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Figure 7.5: Monte Carlo predicted efficiency profiles for the 12C(24 l\1Ig, 12C 
12 C) 12C (solid points) and 160(24Mg,12C 12C) 160 (open points) reactions. The 
efficiency profiles have been evaluated assuming centre-of-mass angular distribu-
tions for the resonant 24 Mg nucleus characterised by an exponential fall-off with 
half angles of 8°, 16° and 32°. 
gest that the width of the angular distribution for the 160 target data need only 
be slightly smaller than that for the 12C target data in order for the efficiency 
profiles for the two target nuclei to be nearly identical. In this case, the relative 
values deduced for the double differential cross sections would be unaffected by 
efficiency differences between the two target masses. Conversely, for the detection 
efficiency with the 12C target to be twice that with the 160 target (which after 
efficiency correction would yield approximately equal cross sections for the 12C 
and 160 target data) requires the width of the angular distribution with an 160 
target to be approximately a factor of four larger than that with a 12C target. 
This seems unlikely due to the similarity in the masses of the two targets. The 
results of the Monte Carlo simulations therefore support the inference that the 
cross section for the 12C(24 Mg,l2C 12C) 12C reaction is significantly larger than 
that for the 160(24Mg,12C 12C) 160 reaction. 
Rae and Merchant [178] proposed that the 12C(24Mg,12C 12C) 12C reaction at 
170 MeV proceeds via a resonance mechanism involving the hyperdeformed (3:1) 
configuration in 36 Ar predicted by a-cluster model calculations. This suggestion 
is inconsistent with the observation of yield from the 160(24Mg, 12C 12C)160 reac-
tion since, as discussed in section 2.1.6, there is no equivalent resonance predicted 
in 4°Ca [231] which may decay into the hyperdeformed configuration in 24Mg (as-
signed to the 12C+12C breakup states [90, 97, 177]) and a ground state 160. 
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The observation of yield from the 160 target therefore suggests that nuclear in-
elastic scattering may play an important role in the population of the 12C+12C 
breakup states. In a comparison of the energy dependence of the 12Ce4 Nlg, 12C 
12 C) 12 C reaction (populating the 4+ states around 22 l\tieV excitation in 24 Nig) 
with the predictions of various reaction models, Gyapong et al [105] concluded 
that both the inelastic scattering and 36 Ar resonance mechanisms were consis-
tent with the observed energy dependence. However, the suggestion that the 
reaction proceeds via direct inelastic scattering is supported by the angular dis-
tribution measurements of Singer [202) who found the cross section for the inverse 
24Ivig(l2C,12C 12C) 12C reaction (at the sa1ne centre-of-mass energy of 56.7 lvieV) 
to be at least a factor of 45 lower than for the 12 C(24Mg,l2C 12C) 12C reaction. 
This upper limit was obtained by summing over all populated states in 24 Ivig. 
This result is inconsistent with a resonant or compound mechanism for which 
equal yields are expected at forward and backward angles (196), especially with 
the averaging effect of summing over all 24 Ivig states populated. Similarly, in a 
study of the 24Mg(l60,12 C 12C) 160 reaction at the slightly lower centre-of-mass 
energy of 51.0 MeV (compared to the value of 68.0 MeV in the present 160 target 
data) Costanzo et al [53] found no evidence for such a process despite the experi-
ment being optimised for the detection of states at rv30 Ivie V excitation in 24Mg. 
Leddy et al [140] have however observed yield up to this excitation energy in 24Mg 
via the 12C(24Mg,l2C 12C)12C reaction (figure 1.13(b)). The results of Costanzo 
et al [53] are thus also in accord with a direct inelastic excitation mechanism for 
the 160(24Mg,l2C 12C) 160 reaction observed in the present work. 
If nuclear inelastic scattering is the dominant reaction mechanism then the 
breakup states are expected to be populated in the interaction of the 24Mg pro-
jectile with other target nuclei (in addition to 12C and 160). However, the present 
experiment found no evidence for the population of the breakup states with either 
the 7Li or 9Be target nuclei. Figure 7.6 shows a comparison of the lowest particle 
decay thresholds for the four target nuclei used in the present work together with 
their low lying level structure [78]. The lowest particle decay thresholds are 7Li 
-t a+3H (2.467 MeV), 9Be-+ a+a+n (1.572 MeV), 12C-+ a+8Be (7.365 MeV) 
and 160 -t a+12C (7.161 MeV) as indicated. The threshold energies for neutron 
and a-decay of 9Be are 1.665 and 2.467 MeV respectively. Due to the weak bind-
ing of 7Li and 9Be, it is possible that pre-equilibrium or direct breakup of these 
target nuclei, involving a coupling to the continuum, may be significant during 
the interaction with the 170 MeV 24Mg beam. If such processes dominate, this 
may account for the absence of any definitive evidence for Q 999 events from the 
7Li(24Mg,l2C 12 C)1Li and 9Be(24Mg,12 C 12C)9Be reactions. 
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Figure 7.6: Comparison of the lowest particle decay thresholds (dotted line) and 
low-lying level structure [78] of the four target nuclei (1Li, 9Be, 12C and 160) 
used in the present work. The particle decay thresholds shown are 7Li --t a+3H 
(2.467 l\lle V), 9Be --t a+a+n (1.572 l\IIe V), 12C --t a+8Be (7.365 l\lle V) and 160 
--t a+12C (7.1611\IIeV). 
From the preceding discussion, direct nuclear inelastic scattering seems to be 
the most likely mechanism responsible for the 12C(24 l\1Ig, 12C 12C) 12 C reaction. 
However, since inelastic scattering is a peripheral process, the cross section is 
expected to scale with the circumference of the target (i.e. the available surface 
with which the beam may interact) which in a simplified picture is proportional 
to A113 where A is the target mass. From this simple model, the cross section 
is thus expected to increase with the mass of the target. This is contrary to the 
observation of a significantly larger cross section for the 12C target data, com-
pared to the 160 target, and may suggest that resonant processes do indeed play 
some role in the population of the 12C+12 C breakup states via the 12C(24Mg,l2C 
12 C) 12C reaction. Alternatively, the oblate deformation of the 12C target could 
be important for the enhanced population of the breakup states relative to scat-
tering from a spherical 160 target. It must therefore be concluded that from the 
information presently available, the mechanism responsible for the 12 C(24Mg,12C 
12C) 12C reaction cannot be unambiguously determined. 
7.2.2 Comparison with 12C+12C Heavy Ion Resonances 
Figure 7.7 shows the 24Mg excitation energy spectrum obtained from the pure 
carbon target data, together with the spin assignments proposed for many of 
the observed states. The measured energies and observed widths of the breakup 
states have been given in tables 4.1 and 6.8. In section 4.3.4, the spin assignments 
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Figure 7.7: Excitation energy spectrum for the 12C+12C decay of 24 :N1g populated 
via the 12C(24:Nig,12C 12C) 12C reaction. The proposed spin assignments for many 
of the breakup states are indicated. New spin assignments proposed in the present 
work are indicated by an asterisk (*). Values in parentheses are tentative. 
of 4+ to the states at 21.07, 21.88 and 22.33 MeV, 5+ to the state at 22.90 MeV 
and 8+ to the state at 24.56 MeV were shown to be consistent with previous 
measurements of the 12C(24Mg,12C 12 C) 12C reaction [96, 140] (figure 1.11). In 
the present work, new spin assignments of (2+), 6+(8+), (6+) and 8+ have been 
proposed for states at 20.54, 23.80, 25.14 and 26.41 :NieV respectively and are 
ｩｮ､ｩ｣ｾｴ･､＠ by an asterisk (*) in figure 7.7. 
The energy-spin systematics of the breakup states observed in the present 
experiment are shown in figure 7.8 in which the solid and open points indicate 
firm and tentative spin assignments respectively. The horizontal line indicates 
the possible assignment of J7r = 8+ to the state at 23.80 MeV which could not 
be excluded with certainty. The heavy ion resonances observed in various exit 
channels of the 12C+12C interaction [42, 43] (section 1.2), for which firm spin 
assignments have been made, are indicated by the region between the dotted 
lines in figure 7.8. The energy-spin systematics of the breakup states are seen to 
be consistent with the 12C+12C heavy ion resonances. Furthermore, the energies 
and proposed spins of the breakup states seem to correlate well with individual 
resonances reported in the 12C+12C system. A 2+ resonance has been observed at 
Ex(24 Mg) = 20.57 MeV (Ecm = 6.64 MeV) in 12C+12C elastic scattering [131] and 
in the total {'-yield [72]. This resonance may correspond to the state at 20.54 MeV 
observed in the present work for which a spin of Jrr == 2+ has been tentatively 
assigned. In a study of the 12C(12 C,8Be) 160 98 reaction, James and Fletcher [121] 
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Figure 7.8: Energy-spin systematics of the 12C+12C breakup states observed in 
the present work via the 12C(24 IVIg, 12C 12 C) 12C reaction. The open circles indi-
cate tentative spin assignments and the horizontal line indicates an alternative 
assignment that could not be excluded by the data. Heavy ion resonances ob-
served in various exit channels of the 12C+12C interaction [42, 43], for which firm 
spin assignments have been made, are indicated by the region between the dotted 
lines. 
observed a 5+ resonance at Ex(241\1Ig) = 23.91 MeV (Ecm = 9.98 1\tieV) which may 
correspond to the 6+(s+) state at 23.80 MeV observed in the breakup data. A 
resonance at Ex(24 IVIg) = 25.13 IvieV (Ecm = 11.20 MeV) was also observed [121] 
for which a spin of J7r = 5+ was tentatively assigned. This would be consistent 
with the tentative assignment of J7r = 5+ to the breakup state at 25.14 MeV. 
Finally, an 8+ resonance was observed at Ex(24Mg) = 26.29 MeV (Ecm = 12.36 
MeV) [121] which would agree with the spin assigned in the present work to the 
state at 26.41 MeV. The present results thus support the association [62] of the 
breakup states observed via the 12C(24Mg,12C 12C)12C reaction with resonances 
observed in the 12C+12C system. The states populated in these processes have 
previously been assigned [90, 97] to the hyperdeformed prolate (D1) configuration 
predicted in 24Mg (80, 139, 150]. However, the 5+ and s+ heavy ion resonances 
observed in this excitation energy region of 24Mg [42, 43, 121] are more numerous 
than the breakup states observed in the present work. This may be due, as 
suggested in section 4.3.3, to contributions from more than one individual state 
leading to a single peak in the excitation energy spectrum of figure 7.7. Curtis et 
al (62] have shown this to be the case for the 4+ states at rv22 MeV. Alternatively, 
more than one molecular configuration in 24Mg may be populated via the 12C+12C 
interaction while the 12C(24Mg,l2C 12C) 12C reaction may be more selective. 
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7.3 Summary 
The experimental work described in this thesis was designed to investigate the 
dominant reaction mechanisms responsible for the population of the 12C+16 0 and 
12C+12 C breakup states in 28Si and 24 Ivlg, observed following the interaction of a 
170 IvieV 24 Ivlg beam with a 12C target. The method adopted was to study the 
effect of replacing the 12C target nuclei with targets of 7Li, 9Be and 160. The mea-
surements were performed using the technique of Resonant Particle Spectroscopy 
(RPS) which allows the complete kinematic reconstruction of a three-body nu-
clear reaction if any two of the three final state particles are detected. In the 
present case, the two breakup fragments originating from the decay of the res-
onant nucleus were detected in coincidence in two gas-silicon-scintillator hybrid 
detector telescopes, positioned on opposite sides of the beam axis. 
For the 12C+160 breakup of 28Si, the same states were observed in the excita-
tion energy spectra obtained via the 12C(24Mg,12C 160)8Be, 7Li(24Ivig/2C 160) 3H 
and 9Be(24 Ivig,12C 160) 5He reactions. Evidence for the 160(24Jvlg,12C 160) 12 C re-
action was also observed. These results are interpreted as implying that direct 
a-transfer onto the 24:rvig projectile is the dominant reaction mechanism respon-
sible for the population of these breakup states. Such an interpretation was 
shown to be consistent with the results of kinematic matching calculations for 
the a-transfer process. 
The selectivity expected for the a-transfer mechanism [6, 97] implies that 
states in 28Si with a 241\!Ig98+a structure are being populated. The 12C+16 0 de-
cay mode also suggests a ｬ｡ｲｧｾ Ｎ＠ ｾ｣｡ｬ･＠ cluster structure for these states. States in 
28Si were observed at excitation energies (spins) of (26.15), 28.17 (13-), 29.51, 
29.95, 30.45, 30.76, (31.3), 31.65, 31.90, 32.51, 33.14, 33.41, 33.77, 34.45 (12+,14+) 
and 35.13 MeV. Spins were proposed for two of the observed states, as indi-
cated, from a study of the angular correlations of the breakup fragments from 
the 12C(24Mg/2 C 160)8Be reaction. The energies of many of the cluster de-
caying states correlate well with the energies of resonances previously observed 
[23, 25, 204] in 12C+160 scattering and reaction channels. This raises the possibil-
ity that both the a-transfer reactions discussed here and the 12C+16 0 scattering 
resonances are populating the same cluster structures in 28Si. The J1r = 12+ or 
14+ assignment to the breakup state at 34.45 MeV is consistent with the energy-
spin systematics [42, 43] of the 12C+16 0 scattering resonances. This is not the 
case for the J1r = 13- assignment to the state at 28.17 MeV suggesting that other 
configurations in 28Si are also populated in the breakup data. 
It has been proposed in the present work that the triaxial (sd)8 (fp)4 config-
uration in 28Si, predicted by a-cluster model calculations [231], may be assigned 
to the band of resonances observed in the 12C+16 0 system at energies near and 
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above the Coulomb barrier, for which strong a-decay modes have been observed 
[25, 204]. Due to the 24:Nig+a character of this (sd) 8 (fp)'1 configuration, it has 
further been proposed that this same triaxial configuration is populated in the 
a-transfer reactions studied in the present work. 
Nilsson-Strutinsky [139], Hartree-Fock [58] and a-cluster model [9, 231] calcu-
lations predict a low-lying prolate structure in 28Si with an (sd) 12 single-particle 
configuration, which may also be populated in a-transfer onto 24 :Nig. This pro-
late (sd) 12 configuration has previously been identified [9, 63] with the rotational 
band in 28Si built on the ot state at 6.69 :NieV [103]. It is suggested that the 
J-rr = 13- assignment to the breakup state at rv28.2 MeV may be evidence for the 
13- member of a negative parity band based on this prolate configuration (ob-
tained by exciting one particle from a 1 d to a 1/ orbital). This would suggest that 
high lying members of the positive parity prolate (sd) 12 band, as well as other 
members of the corresponding negative parity band, may also be present in the 
breakup data. Such an interpretation was shown to be consistent with two centre 
harmonic oscillator shell model calculations for the 12C+160 system [10, 11]. 
The 12C+12C breakup of 24Mg was observed via the 12C(24Mg,l2C 12C) 12C re-
action. An analysis of the angular correlations of the breakup fragments allowed 
spins to be proposed for many of the breakup states observed. The spins as-
signed to states at excitation energies (spins) of 21.07(4+), 21.88(4+), 22.33(4+), 
22.90(6+) and 24.56 :NieV (8+) are in agreement with previous studies of this reac-
tion [96, 140]. In addition, new spin assignments have been proposed for states at 
excitation energies (spins) af 20.54(2+), 23.80(6+,(s+)), 25.14(6+) and 26.41 :NieV 
( g+). The statistics were insufficient to allow spin information to be obtained for 
further states observed at excitation energies of 25.71 and 27.12 :NieV. 
The energy-spin systematics of the breakup states observed in the present 
work have been shown to be consistent with those of resonances observed in 
12C+12C scattering and reaction channels in the same excitation energy region of 
24Mg (42, 43]. This supports the inference of Curtis et al [62] that both processes 
populate the same cluster structures in 24Mg. The breakup states observed via the 
12C(24Mg,12C 12 C) 12C reaction and the 12C+12C scattering resonances observed 
in the Coulomb barrier region have both been previously assigned [84, 97, 150] 
to the hyperdeformed prolate (D 1) configuration in 24 Mg predicted by Nilsson-
Strutinsky [139], Hartree-Fock [80]_ and a-cluster model [150] calculations. 
Evidence was observed for the 160(24Mg,l2C 12C) 160 reaction populating the 
same states in 24Mg, in the excitation energy region "'20 - 25.5 MeV, as those 
observed in the 12C target data. The observation of this reaction suggests that a 
direct reaction mechanism may be responsible for the population of the 12C+12C 
cluster decaying states, rather than a resonance mechanism involving the hyper-
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deformed (3:1) configuration in 36 Ar which had previously been proposed [178] 
for the 12C(24 :Nig, 12C 12C) 12C reaction. The suggestion that the 12 C(24 :Nig, 12C 
12C) 12 C reaction proceeds via direct nuclear inelastic scattering is in agreement 
with previous angular distribution measurements [202]. However, the double dif-
ferential cross section measured for the 160(24:Nig,l2C 12C) 16 0 reaction was found 
to be significantly lower than that for the 12C(24Mg,12C 12C) 12C reaction. This 
result is inconsistent with the simplest picture of pure nuclear inelastic scatter-
ing and suggests that other processes may be involved in the population of the 
breakup states via the 12 C(24 :Nig, 12C 12 C) 12C reaction. 
No evidence for either the 7Li(24Mg,12C 12 C)1Li or 9Be(24Mg,12C 12 C)9Be re-
actions was observed. It has been suggested that if the breakup states in 24 Ivig 
are indeed populated via inelastic scattering, the absence of yield from these re-
actions may be due to the low particle decay thresholds of the 7Li and 9Be target 
nuclei. For these reactions, processes involving a coupling to the continuum of 
the target nuclei may be important. It is concluded that although the data are 
generally in favour of a direct inelastic excitation mechanism for the population 
of the breakup states in 24Mg, the experimental data presently available does not 
allow the reaction mechanism to be unambiguously determined. 
The present experiment was the first to include Csi(Tl) scintillation detectors 
in the hybrid detector telescopes. The information provided by the Csi(Tl) scin-
tillators has been shown to extend the versatility of these telescopes. It has been 
shown that, in addition to heavy ions, the Gas-Si-Cs! telescopes are capable of 
detecting ｡ｾ､＠ identifying light ions (a-particles in the present case) over a wide 
range of incident energies. 
Techniques were developed to analyse the simultaneous detection of heavy 
and light ions within a single telescope, if the heavy ions stop in one strip of 
the PSSSD (Position Sensitive Silicon Strip Detector) and the light ions pene-
trate through a separate strip and stop in the Csi(Tl). If the heavy and light 
particles originate from the decay of an unbound nucleus, the high efficiency for 
small relative energies between the decay fragments makes this an ideal tool to 
study particle unbound states near decay threshold, for example for astrophysical 
applications. Alternatively, four-body final states of a nuclear reaction may be 
reconstructed if a third particle is detected in coincidence in a separate telescope. 
This allows breakup reactions leading to particle unbound states in one of the 
breakup fragments to be studied. Related to this, the reconstruction of 8Be --+ 
a+a events was illustrated for the cases where (i) both a-particles stop in the 
PSSSD, (ii) both a-particles stop in the Csl(Tl) and (iii) one a-particle stops in 
the Csl(Tl), the other in the PSSSD. The inclusion of the Csi(Tl) section was thus 
shown to extend the energy range of 8Be particles which could be reconstructed. 
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Crosstalk between active strips in the silicon detector was studied. For mul-
tiplicity 2 events in the PSSSD as described above, i.e. particles detected in two 
separate strips, this modified the energies measured in the PSSSD for each par-
ticle. This effect was attributed to capacitive coupling via the unsegmented rear 
face of the PSSSD. Empirical corrections for the crosstalk were deduced for the 
three types of event mentioned above in relation to 8Be -t a+a events. It was 
also found that the PSSSD energy calibration for penetrating particles differs to 
that for stopped particles. This is apparently related to the observed crosstalk 
and an empirical correction for this effect was presented. 
7.4 Future Directions 
The measurements of the 12C+160 breakup states in 28Si and the 12C+12C breakup 
states in 24Mg presented in this work were limited by the excitation energy res-
olution of rv250 keV and rvl90 keV for the two decay channels respectively. In 
order to verify the proposed theoretical interpretation of the 12C+16 0 breakup 
states, a high resolution measurement of the 12C(24Mg,12 C 160) 8Be reaction is 
required together with extensive spin assignments for the breakup states. This 
would then allow the relation between these breakup states and the 12C+160 
scattering resonances to be studied in detail. Such measurements will require a 
significant further development in instrumentation beyond that which was avail-
able in the present work, and this will be discussed below. A high resolution study 
of the 12C+16 0 breakup states observed via other entrance channels, and hence 
populated via different reaction mechanisms, together with detailed spin assign-
ments would also help in the understanding of these molecular states in 28Si. The 
12 C(2°Ne,12C 160) 8Be and 160(160,12C 160)4He reactions have previously been 
reported [88, 161, 162] and are thus prime candidates for further study. 
A high resolution measurement of the 12C(24Mg,12C 12C) 12C reaction has pre-
viously been reported [62] for the excitation energy region around 22 MeV in 
24 Mg and suggested an association between the observed breakup states and the 
12C+12C scattering resonances observed in the Coulomb barrier region. Extend-
ing the high resolution measurements to higher excitation energies would enable 
this association to be studied over a wider range of excitation energies. In par-
ticular, it is of interest to determine whether the breakup states observed via the 
12C(24Mg,l2C 12C) 12 C reaction terminate at rv33 MeV excitation, as has been 
observed for the states populated in the 12C(20Ne,l2C 12C)8Be reaction [160]. A 
measurement of the spins of the breakup states observed in this latter reaction 
is also important. Since this a-transfer reaction is expected to selectively popu-
late the hyperdeformed prolate (D1) configuration in 24Mg [97], due to the 4p-4h 
character of this configuration, it may provide the cleanest signature for the hy-
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perdeformed prolate band in 24 J\tlg. Furthermore, the double differential cross 
section for this reaction has been measured to be 1- 2 orders of magnitude larger 
than that for the 12Ce4 :tvlg,l2C 12C) 12C reaction [97, 140], making a study of the 
20Ne+12 C entrance channel of particular interest. 
A Multi Element Gas Hybrid Array (:tviEGHA) [55, 56] has recently been 
commissioned by the CHARISSA collaboration at the Australian National U ni-
versity (A.N.U.). This array consists of forty four gas-silicon-scintillator hybrid 
detector telescopes shnilar to those used in the present work. The silicon de-
tectors used in MEGHA are two dimensional sheet resistance Position Sensitive 
Detectors (PSD's) rather than strip detectors, thus reducing the number of am-
plifier channels required ( 5 channels are required for each two dimensional PSD 
compared to 32 channels for a PSSSD). The PSD's in :tviEGHA are position sen-
sitive in both the x andy directions and are positioned 600 mm from the target 
position resulting in an improved angular resolution for the breakup fragments. 
The large number of telescopes used in the array also results in a significant 
increase in the detection efficiency compared to that achieved in the present 
work and more than compensates for the larger distance from the target. Using 
:tvlonte Carlo techniques, Curtis [60) has estimated that for a measurement of the 
12 C(24Mg,12C 160)8Be reaction using MEGHA, with a 100 J.tg cm-2 120 target, 
an excitation energy resolution of ,..._,75 ke V could be expected. For a similar mea-
surement of the 12C(241vig/2C 120) 120 reaction, an excitation energy resolution 
of ,..._,49 ke V is predicted [60]. The improved resolution and efficiency of this new 
array should thus allow a detailed measurement of the energies, widths and spins 
of the 120+160 breakup states in 28Si and the 120+120 breakup states in 24Mg. 
It is ｡ｾｳｯ＠ of interest to study other decay channels of the breakup states in 28Si 
and 24Mg in order to gain new information on the character of these states. For 
example, on the basis of the Harvey model [110], enhanced decays by a-emission 
to the 24Mg ground state band and by 8Be emission to the (011)4 single-particle 
configuration in 20Ne are expected for the triaxial (sd)8 (fp)4 configuration in 28Si. 
The observation of the same states via different decay channels may allow the 
relative partial widths for the different decays of these states to be measured. 
A comparison of these relative partial widths with statistical expectations may 
shed new light on the statistical significance [91, 111], and hence the degree of 
clustering, of these potentially exotic states. 
It was shown in the present work that the gas-silicon-scintillator telescopes 
(employing strip detectors rather than sheet resistance PSD's) may allow the 
study of breakup channels leading to particle unbound states in one of the breakup 
fragments. These techniques extend the range of decay channels which may 
be studied in breakup experiments, in addition to increasing the detection effi-
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ciency for 8Be decay channels. It would be of interest to study the 12C+160* 
-t 12C+12C+a decay of 28Si, populated in reactions such as 12C(28Si,28Si*) 12C 
or 12C(2°Ne,28Si*) 4He for example. This may allow a comparison between these 
breakup states and resonances previously observed in similar exit channels of 
the 12C+160 interaction (98, 106]. For 24 N1g, the 20 Ne*+a -t 160+a+a decay 
channel is of particular interest for studying the hyperdeformed prolate (D 1) 
configuration, which is predicted to exhibit a strong 160-a-a cluster structure 
[150]. A study of the 12C(24 Mg,20 Ne* o:) 12C reaction may allow a comparison of 
the observed breakup states with resonances previously observed in similar exit 
channels of the 12C+12C interaction [141, 176] and with similar decay channels 
observed in other breakup reactions (128]. 
The 12C(24 Jv1g, 16 0 12C o: )a reaction was observed in the present work and 
shown to proceed via specific a-decaying states in 160. A further study of this 
reaction with improved statistics may allow the 160* + 160 -t 12C+o:+160 decay 
of states in 328 to be observed. A further expansion would be to compare this with 
a similar study of the 20 Ne*+12C -t 160+a+12C decay of 328. The 12 C(24 Jvig, 12 C 
20 Ne* -t 160+a)o: reaction was also observed in the present data making a further 
study of these reactions of particular interest. 
The crosstalk effect observed in the silicon strip detectors (PSSSD's) modifies 
the energies measured when there are two (or more) active strips. A thorough 
understanding of this effect is desirable to allow an accurate correction for the 
crosstalk, although the general form of correction has been derived empirically 
and appears to work very well. A strip detector array (56) has been commissioned 
at the A.N.U. designed to operate within the MEGHA scattering chamber. The 
PSSSD's used in this array are identical to those used in the present experi-
ment. Since this array is particularly suited to the study of multiple particle final 
states [56], an understanding of the crosstalk effect is of particular interest if the 
performance of this array is to be maximised. 
Evidence for the 160(24Mg,l2C 12C) 16 0 reaction was observed in the present 
work. The analysis of this reaction was however complicated by contributions 
from the 12C(24Mg,12C 12C) 12 C reaction due to 12 C present in the composite target 
used (the target contained 7Li, 12C and 160 nuclei). It would clearly be of interest 
to study this reaction with a target free of 12C contamination thus avoiding any 
uncertainty as to the origin of the breakup states observed. A measurement of the 
spins of the states observed with an 160 target would also allow a more complete 
comparison with the states observed in the 12C(24Mg,12C 12C) 12C reaction. Such 
measurements could involve an 160 gas target although this may pose considerable 
experimental difficulties. Alternatively, a self-supporting metal oxide target could 
be used. In this case, the metal cation should be of low atomic number in order 
CHAPTER 7. DISCUSSION AND CONCLUSIONS 252 
to minimise the rate of elastically scattered beam particles striking the detectors 
which degrade the detectors' performance due to radiation damage. Furthermore 1 
a thin target foil would be required in order to achieve an acceptable angular 
resolution (and hence excitation energy resolution). A silicon dioxide (Si02 ) 
target may provide a suitable compromise between the above factors. Since quartz 
(Si02 ) is an insulator, the target would need to be coated with a thin layer of 
gold to dissipate heat and charge. The difference in mass between the silicon (28 
a.m.u.) and oxygen (16 a.m.u.) nuclei should allow reactions proceeding from 
these two target components to be sufficiently resolved in a two dimensional recoil 
energy vs momentum plot [52]. 
The present experiment has added to the knowledge concerning the mech-
anism responsible for the population of the 12C+12C breakup states via the 
12C(24 :Nig, 12C 12 C) 12 C reaction but could not unambiguously determine the mech-
anism. Previous attempts have similarly been inconclusive [105, 125]. The ob-
servation of the 160(24Mg,l2C 12 C)160 reaction did however suggest that direct 
nuclear scattering plays a role in the excitation process. In a comparison of 
the energy dependence of the yield from the 12 C(24Mg,12 C 12C) 12C reaction (for 
Ebeam(24Nig) = 130- 180 MeV) with the predictions of various reaction models, 
Gyapong et al [105] could not distinguish between a direct inelastic scattering 
mechanism or a resonance mechanism involving the hyperdeformed (3:1) config-
uration in 36 Ar. The calculations [1 05] did however predict different behaviours 
for the two reaction mechanisms at higher energies. Extending the measurements 
of the 12C(24 Mg,12C 12C) 12C reaction to higher beam energies may thus allow the 
dominant reaction mechanism to be identified. 
For a sequential breakup reaction, the out-of-plane (X =f. 0°) angular correla-
tions of the breakup fragments away from B* = oo are dependent on the magnetic 
substate populations of the resonant nucleus [89]. The latter are in turn deter-
mined uniquely by the mechanism for the excitation process. A comparison of 
the x dependence of the angular correlations with the predictions of different 
reaction models may thus offer an alternative way for determining the excitation 
mechanism. Such a study has recently been attempted [83]. 
There are clearly many questions to be answered before a complete under-
standing of clustering phenomena in light nuclei can be achieved. With the 
ongoing advances in charged particle detector arrays and a growing catalogue of 
experimental techniques, the answers to many of these questions are within our 
reach. 
Appendix A 
Fitting of Calibration Parameters 
Section 4.1.3 described how the raw energy and position parameters Em= H + L 
and Xm = ｾｾｦ＠ could be related to the true energy E of the incident ion and 
the position of incidence p defined as the fractional distance from the low to high 
angle end of the silicon strip. Two equations were derived and are reproduced 
here as A.1 and A.2: 
Em H+L 
GHEH + GLEL + OH + OL 
GHE[ p+rL ]+GLE[ 1 -p+rH]+Dn+OL (A.1) 
1 + TH + TL 1 + TH + T£ 
and, 
H-L 
GnEn- GLEL + OH- OL 
- GHE[ p+rL ]-GLE[ 1 -p+rH]+oH-OL (A.2) 
1+rH+rL 1+rH+rL 
By introducing a new set of gain and offset parameters defined by G1 = Ｑ Ｋｾ｜ｮＬ＠
G2 = 1+ Gr. , 0+ == OH + OL and o_ =On- OL, the above equations may be 
TH+TL 
simplified to, 
G1E(p + rL) + G2E(1- p + rH) + 0+ 
G1E(p + rL)- G2E(1- p + rH) + Q_ 
(A.3) 
(A.4) 
For particles incident at the extreme edges of a strip, such that p = 0 or 1, the 
true incident energies as calculated from the kinematics and energy loss codes 
RELKIN [181] and DEDX [67] are denoted by Eo and E1 respectively and a new 
set of equations may be written. 
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For p = 0, 
For p = 1, 
Emo - Eo[GirL + G2(1 + rH)] + 0+ 
Emo.Xmo - Eo[GirL- G2(1 + rH )] + 0_ 
Emi - EI[GI(1 + rL) + G2rH] + 0+ 
EmiXmi EI(GI(1 + rL)- G2rH] + 0 _ 
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(A.5) 
(A.6) 
(A.7) 
(A.8) 
These equations may be further simplified by introducing a set of fitting param-
eters defined as, 
ci GirL+ G2(1 + rH) (A.9) 
c2 - GirL- G2(1 + rH) (A.lO) 
c3 GI (1 + rL) + G2rH (A.ll) 
c4 - GI (1 + rL) - G2rH (A.l2) 
such that equations A.5 to A.8 reduce to, 
E:no ｅｾｃ Ｑ＠ +0+ (A.l3) 
E:nox:no ｅｾｃＲ＠ +0- (A.l4) 
E:ni EfC3 +0+ (A.l5) 
E:nlx:nl - ｅｾｃＴＫＰＭ (A.l6) 
where the superscript denotes the values obtained for the i-th calibration run. 
These equations relate the four measured quantities for each calibration run to a 
total of six fitting parameters. 
A sum of squares was defined as, 
S = L](E:no- Ｈｅｾｃｉ＠ + 0+)? + (E:nox:no- ＨｅｾｃＲ＠ + 0_)) 2 
i 
. . 2 . . . 2 
+ (E:ni- (ElCa + 0+)) + (E:n1X:n1 - (ElC4 + 0_)) ] (A.l7) 
Differentiating equation A.l7 with respect to the six fitting parameters and set-
ting the derivatives to zero leads to six simultaneous equations, 
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c1 ｌｩＨｅＺｮ Ｐ ｅｾＩＭ 0+ ｌｩＨｅｾＩ＠ (A.l8) Li(E&)2 
c2 ｌｩＨｅＺｮｯｸｾｬｯｅｾＩＭ o_ Li(Eb) (A.l9) - Li(E6)2 
c3 Li(E:n1Ef)- 0+ Li(Ef) (A.20) Li(Ei)2 
c4 Ei(E:n1x:n1E{)- 0_ l:i(E{) (A.21) Li(Ei)2 
0+ 
l:i(E:no) + Li(E:nl) - Ct l:i(Eb) - C3 E .i(E{) (A.22) 
2N 
Q_ ｬＺｩＨｅＺｮｯＮｌＧｙｾｯＩ＠ + Li(E:nlx:nl)- C2 ｌｩＨｅｾＩＭ C4 Li(Ei) (A.23) 
2N 
where N is the total number of calibrations runs included in the fit and must be 
ｾ＠ 2. The set of fitting parameters that minimise S can thus be evaluated and 
the original calibration parameters obtained from the relations, 
Ca -C4 (A.24) TH 
c1 - c2 - c3 + c4 
c1 +C2 (A.25) TL Ca + c4 - C1 - C2 
GH - (Ca + c4- C1- C2) (1 l 2 +rH+rL (A.26) 
GL ( C1 - C2 - Ca + C4) (1 l 2 +rH+rL (A.27) 
OH 0++0- (A.28) 2 
OL 
0+-0- (A.29) 
- 2 
Appendix B 
Estimation of Dead Layer 
Thickness 
Incident ions entering a PSSSD will deposit some part 8E of their incident energy 
E in the surface dead layer which will not contribute to the measured signal. The 
energy deposited will vary between different ion species due to their different rates 
of energy loss (equation 4.28). The remaining energy (Edep = E- 8E) will, in 
the case of ions stopped within the detector, be deposited in the depleted region 
of the detector resulting in the creation of electron-hole pairs which form the 
measured signal. However, the dense column of ionisation formed in the wake of 
a heavy ion may have a sufficiently high charge density for a plasma of electrons 
and holes to be formed [77]. The electric field does not act inside this plasma 
for a few nanoseconds during which time there is a relatively high probability 
that some of the electrons and holes may recombine. Since not all of the charge 
produced by the incident ion remains available for collection, a reduced pulse 
height will be measured. The density of the ionisation and thus the probability 
of recombination depends on the mass, charge and energy of the incident ions 
[77, 167, 170]. 
At lower energies, nuclear stopping powers may become comparable to the 
electronic stopping powers and collisions between the incident ions and the nuclei 
of the detector may become important [77, 82, 170]. Energy lost by the ions 
in such collisions will not result in ionisation and will thus not contribute to 
the measured signal. At the energies encountered in the present experiment, the 
effects of nuclear collisions are not expected to be significant [77, 82, 170}. For low 
Z heavy ions such as 12C and 160, the effects of recombination are also expected 
to be negligible [167]. These two effects were thus not expected to contribute 
significantly to the pulse height defect for these ions. It was therefore assumed 
that any variation in the response of the PSSSD's to different ion species could 
primarily be attributed to surface dead layer effects. 
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12 (a) 54.41 MeV C Data (b) 63.75 MeV 160 Data 
16 0 Parameters 
59 60 61 62 63 
Energy I MeV Energy I MeV 
Figure B .1: Elastic scattering energy peaks for telescope 1 (sum of all strips) o b-
tained for (a) 54.41 MeV 12C and (b) 63.75 MeV 160 ions scattered at (20±0.1) 0 • 
The data were reconstructed twice using calibration parameters obtained for inci-
dent 12C and 160 ions and are collected in table B.l. The vertical arrows indicate 
the calculated energies. 
The elastic scattering data obtained with no gas in the ionisation chambers 
was used to investigate this effect and obtain an estimate of the surface dead layer 
thickness. Each calibration run was reconstructed twice using calibration param-
eters obtained for incident 12C and 160 ions. Particles scattered at (20±0.1 )0 
were selected in software. The elastic scattering energy peaks obtained from the 
sum of all strips in each PSSSD were fitted with a Gaussian fitting routine [44]. 
Figure B.l shows a comparison between the energy spectra obtained for the 
54.41 MeV 12C and 63.75 MeV 160 beam data, reconstructed using both sets 
of calibration parameters. Energy measurements made with the respective set 
of parameters are found to be in good agreement with the calculated energies 
indicated by the arrows. However, it is seen that applying calibration parameters 
obtained for 160 ions to incident 12C ions tends to overestimate the ion energy. 
Similarly, calibration parameters obtained for 12C ions when applied to incident 
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Beam Beam Calculated Ivieasured Energy 
Ion Energy Energy 12C Parameters 1ti0 Parameters 
(IvieV) (!vie V) (!vie V) (!vie V) 
12C 54.41 52.634 ± 0.050 52.628 ± 0.122 53.061 ± 0.128 
12C 85.0 83.596 ± 0.050 83.594 ± 0.124 83.732 ± 0.125 
160 63.75 60.600 ± 0.050 60.226 ± 0.172 60.594 ± 0.171 
160 91.8 89.048 ± 0.050 88.952 ± 0.168 89.046 ± 0.161 
Table B.1: Comparison between the calculated and measured energies for beam 
ions scattered at (20±0.1 )0 • The measurements were made for telescope 1 using 
the two sets of calibration parameters obtained for incident 12C and 160 ions 
respectively. Several of these measurements are illustrated in the energy spectra 
shown in figure B.l. 
160 ions tend to underestimate the ion energy. The energy measurements for 
telescope 1 are summarised in table B.l. If it is assumed that the differences 
between the energies measured with the different calibration parameters arise 
from surface dead layer effects alone, then the thickness of the dead layer may be 
estimated. 
It was assumed that a 12C ion with incident energy E12c will produce the 
same pulse height as an 160 ion with incident energy E16 0 if both deposit the 
same energy in the depleted region of the detector such that, 
or equivalently, 
E dep 120 Edep 16Q (B.1) 
(B.2) 
For example, from table B.l, it is seen that 83.594 MeV 12C ions and 83.732 
MeV 160 ions must deposit the same energy Edep in the depleted region of the 
detector. To determine Edep, the relative stopping powers of 12C and 160 ions in 
the dead layer must be considered. The energies (8E) deposited in the dead layer 
are functions of the dead layer thickness b,.x which was assumed to be uniform 
across the face of each PSSSD. 
From the observed energy values (assumed to be the equivalent energies upon 
incidence of the PSSSD) obtained with each set of calibration parameters (as 
given in table B.1), the energies 8E deposited by the calibration ions in passing 
through the dead layer (and hence the residual energy Edep = E- 8E deposited 
in the depleted region) were evaluated as a function of b,.x using the energy loss 
code DEDX [67]. Each line of table B.1 then gives an estimate of the dead layer 
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thickness. However, it is better to con1bine the information from all four lines. 
This was achieved by evaluating a sum of squares, defined by, 
ｓＨｾｸＩ＠ - ＲＺ｛ｅｴＺｾＨｾｸＩＭ ｅｦＺ｢ＨｾｸＩ｝ Ｒ＠
- L](E12c- ＶｅＱＲ｣ＨｾｸＩＩＭ (Et6eb- ＸｅｴＺ｢ＨｾｸＩＩ｝ Ｒ＠ (B.3) 
as a function of ｾｸ＠ with the summation in equation B.3 extending over all four 
calibration runs. The value of ｾｸ＠ corresponding to the minimum in ｓＨｾｸＩ＠ was 
taken as the estimate of the dead layer thickness, best satisfying equations B.l 
and B.2. The values fitted in this manner were (0.62±0.06) f.-liD and (0.80±0.08) 
J-lm silicon equivalent for the PSSSD 's in telescopes 1 and 2 respectively. The 
errors are systematic and were estimated to be rvlO% due to the uncertainty in 
the absolute values given by DEDX [67]. 
Appendix C 
Evaluation of In-plane Angular 
Offsets 
Analysis of the heavy ion singles data provided a means to check for offsets in 
the in-plane angles of the hybrid detector telescopes. Events corresponding to 
incident magnesium ions were selected from the particle identification spectra 
generated for each telescope. The energies and positions of the ions (assuming a 
mass of 24 a.m.u.) in the PSSSD's were reconstructed using calibration param-
eters obtained for 160 ions. The measured energies were then corrected for the 
difference in energy loss of 24Mg and 160 ions in passing through the entrance 
dead layer, as discussed in section 4.1.5, and further corrected for energy losses 
in the gas, mylar and target (section 4.2.2). 
Elastically scattered beam particles were identified from the two-body reac-
tion Q-value. This is defined in analogy with the three-body reaction Q-value 
(equation 2.20) by, 
(C.l) 
where E3 and E4 are the kinetic energies of the two outgoing fragments and E 1 
is the kinetic energy of the beam. The situation is illustrated schematically in 
figure C.l. Conservation of linear momentum between the incoming beam (pi) 
and the outgoing particles (p3 and P4) requires that, 
P1 = P3 + P4 (C.2) 
Re-arrangement of equations C.l and C.2 then leads to the non-relativistic kine-
matical relation [148], 
(C.3) 
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Figure C.l: Schematic diagram illustrating two-body scattering. All energies and 
angles are measured in the laboratory frame of reference. 
where 1\111 and E1 are the mass and energy of the beam. 1Yf3 , E3 and 03 are the 
mass, energy and (laboratory) scattering angle of the detected particle and 1Yf4 
is the mass of the undetected recoil nucleus. The Q-value may thus be evaluated 
directly from equation C.3 if the energy and angle of any one of the outgoing 
particles is known. 
Figure C.2(a) shows the two-body Q-value spectra for singles 24 :Nig events in 
each hybrid telescope as reconstructed from the pure carbon target data. The 
peaks at Q ｾ＠ 0 MeV correspond to the unresolved ground (Q = 0) and first 
excited state (1.369 MeV, 2+) in 24 :Nig. The structures at Q ｾ＠ 4- 7 MeV cor-
respond to two-body final states involving states at 4.123 MeV (4+), 4.238 MeV 
(2+) 5.235 MeV (3+) and 6.010 MeV (4+) in 24Mg and the 4.439 MeV (2+) state 
in 12C. Events falling under the peaks at Q ｾ＠ 0 MeV were selected. For each 
silicon strip, the variation in yield as a function of in-plane angle measured rel-
ative to the centre of the strip was studied. Figure C.2(b) shows the data for 
strip 8 in telescope 1 overlaid with that for strip 9 in telescope 2. The yield 
is seen to decrease with increasing angle as expected for Rutherford scattering 
[188]. Neglecting the small difference between the vertical offsets (section 4.1.2) 
of the two hybrid telescopes ( < ｾ＠ strip), the two strips may be considered geo-
metrically opposite pairs (i.e. at the same vertical height relative to the beam 
axis). For detectors centred symmetrically on opposite sides of the beam axis 
the yield should be the same for both strips. This is not the case for the data 
shown in figure C.2(b) suggesting offsets in the angles of either one or both of the 
telescopes. 
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Figure C.2: (a) Q-value spectra for scattered 24Mg beam ions reconstructed as-
suming both telescopes centred at 16° relative to the beam axis, (b) variation in 
yield with in-plane scattering angle relative to the centre of a strip for two geo-
metrically opposite strips, (c) Q-value spectra reconstructed assuming telescopes 
1 and 2 centred at 15.8° and 16.3° respectively and (d) as for (b) but with a shift 
6() = 0.5° applied to the data for telescope 2. 
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The difference 8B in the in-plane angles of the two telescopes was defined by, 
nT2 _ nTl ｾ＠ n 
u centre - u centre + u u (C.4) 
where ｂＧｻ･ｾｴｲ･＠ and B'{e;tre are the true in-plane positions of the telescopes. This 
difference was estimated by shifting the data for telescope 2 through 8B until the 
yield matched that for telescope 1. This is shown in figure C.2( d) where a shift of 
8(} = 0.5° has been applied to the data for telescope 2 which is now in reasonable 
agreement with that for telescope 1. An average taken over several pairs of 
geometrically opposite strips found the value 8(} = 0.5° to give the best overall 
fit to the elastic scattering data. The uncertainty in this value was estimated to 
be ±0.1°. 
This information alone did not however uniquely define ｴｨｾ＠ true angular po-
sitions of the hybrid detector telescopes. This was subsequently determined from 
analysis of the 12C(24:Nig,12C 12C) 12C reaction as described in section 4.3. The 
reaction was analysed assuming systematically varied combinations of telescope 
angles each satisfying equation C.4 with 8B = 0.5°. For each combination, the 
B*-7/J angular correlations for states of known spin in 24 N1g (96, 140] were studied. 
The combination of telescope angles producing maxima centred at 7/Jo = 90° in 
the projected angular correlations (only positive parity states may be observed 
in a symmetric decay channel) were then adopted as the true angular positions 
of the telescopes. These values were found to correspond to in-plane angles of 
(15.8±0.1) 0 and (16.3±0.1) 0 (i.e. offsets of (-0.2±0.1) 0 and ( +0.3±0.1) 0 ) for tele-
scopes 1 and 2 respectively. 
The two-body Q-value spectra reconstructed following correction for the in-
plane angular offsets are shown in figure C.2(c). It is interesting to note that 
although the energy calibrations were not directly exploited in the determination 
of the angular offsets, the elastic scattering energy peaks for the two telescopes 
are seen to be in good agreement both with each other and with Q = 0 MeV. 
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